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Abstract 
 
Wind Farms (WFs) are geographically constructed in remotely located areas with 
favorable wind speed conditions. The structure of such locations is rather weak with 
lower short circuit power level due to long feeders’ (high impedance) connections. 
Moreover, significant voltage fluctuations and power quality/stability challenges pose 
substantial constraints on the efficient integration of wind power into weak networks. 
Consequently, weak networks connections impose dramatic wind power limitations in 
terms of grid structure and wind turbine (WT) output power.  
This dissertation addresses some of the technical challenges raised by the integration 
of wind power into weak power systems. The main objective is to investigate the 
dynamic interactions between the wind power generators and interconnected power 
systems, pinpoint the constraints and operational limitations and meanwhile propose 
potential solutions to maximize wind power penetration and improve the dynamic 
stability of the network. 
First of all, this work investigates the characterization and assessment of voltage and 
power constraints raised by connecting a DFIG WT to a weak network. As a basis of 
investigation, a simplified system model is utilized and the respective PCC voltage, 
active and reactive power stability issues are evaluated and identified based on a 
steady-state study for DFIG WT system.  
 
Secondly, a detailed megawatt-level variable speed wind turbine with partial scale 
converters connected to a weak network with widely varying parameters, i.e., short 
circuit capacity ratio SCR and X/R ratio is modeled in MATLAB/SIMULINK 
environment and investigated. An adaptive voltage control AVC scheme based 
network parameters and operating point is proposed to continually retain voltage 
constancy and smoothness at the point of connection POC in order to maximize the 
wind power penetration. Besides, a proposed reactive power dispatch to handle the 
reactive power sharing between the DFIG inherent stator reactive power and an 
oversized grid side converter is presented. The AVC showed pronounced mitigation 
capability with better damped performance particularly at very weak grid condition 
compared to traditional PI controllers. 
 
iii 
 
Besides, the dissertation investigates the fault ride through FRT capability of WTs 
attached to weak networks. The study is firstly applied to stiff networks to realize the 
technical challenges of the different fault scenarios. A nonlinear feedback controller is 
proposed for the GSC control to suppress the DC voltage fluctuations and 
concurrently inject reactive power during contingencies to fulfil the reactive power 
support requirement.  
 
Afterwards, the FRT of a megawatt-level variable speed wind turbine attached to a 
weak network is conducted. Owing to the poor dynamic performance of synchronous 
reference frame phase locked loop PLL under unbalanced utility conditions, two 
enhanced PLLs are investigated namely, decoupled double synchronous reference 
frame PLL (DDSRF-PLL) and Dual Second Order Generalized Integrator, DSOGI 
based Frequency Locked Loop, DSOGI-FLL. Additionally, decoupled double 
synchronous reference frame current controller is devoted for the GSC controller to 
counteract current ripples and tackle dc voltage fluctuations during unsymmetrical 
faults to improve the system performance and help fulfill the grid code requirements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Danske Abstrakt 
 
 
 
Vindmølleparker (WFS) er geografisk konstrueret i fjernt beliggende områder 
med gunstige betingelser vindhastighed. Strukturen af sådanne steder er temmelig 
svag med lavere kortslutning strøm på grund af lange foderautomater '(høj 
impedans) forbindelser. Desuden betydelige spændingsudsving og magt kvalitet / 
stabilitet udfordringer udgør betydelige begrænsninger i effektiv integration af 
vindkraft i svage netværk. Derfor svage netværk tilslutninger pålægge dramatiske 
vindkraft begrænsninger i form af gitter struktur og vindmølle (WT) udgangseffekt. 
Denne afhandling omhandler nogle af de tekniske udfordringer, som integrationen 
af vindkraft i svage elsystemer. Hovedformålet er at undersøge de dynamiske 
interaktioner mellem vindkraft generatorer og sammenkoblede kraftsystemer, 
lokalisere de begrænsninger og operationelle begrænsninger og i mellemtiden 
foreslå mulige løsninger for at maksimere vindkraft penetration og forbedre den 
dynamiske stabilitet af nettet. 
Først og fremmest, dette værk undersøger karakterisering og vurdering af 
spænding og effekt begrænsninger rejst ved at tilslutte en DFIG WT til et svagt 
netværk. Som grundlag for undersøgelsen, er et forenklet system model udnyttet, og 
de respektive PCC spænding, er aktive og reaktive effekt stabilitetsproblemer 
evalueret og identificeret baseret på en steady state-undersøgelse for DFIG WT-
systemet. 
 
For det andet er en detaljeret megawatt-plan variabel hastighed vindmølle 
med partielle skala omformere tilsluttet et svagt netværk med vidt forskellige 
parametre, dvs. Kortslutningseffekten forhold SCR og X/R-forhold modelleret i 
MATLAB / SIMULINK miljø og undersøgt. En adaptiv spændingsregulering AVC 
der er baseret netværksparametre og driftspunkt foreslås til stadighed bevarer 
spænding konstans og glathed ved tilslutningspunktet POC med henblik på at 
maksimere vindkraft penetration. Desuden er en foreslået reaktiv effekt afsendelse 
til at håndtere den reaktive magtdeling mellem DFIG iboende stator reaktive effekt 
og en overdimensioneret gitter side konverter præsenteret. AVC viste udtalt 
afbødning kapacitet med bedre dæmpet ydeevne især ved meget svag gitter tilstand i 
forhold til traditionelle PI controllere. 
v 
 
 
Desuden afhandlingen undersøger fejlen turen gennem FRT evne WTS 
knyttet til svage netværk. Undersøgelsen er først anvendt på stive netværk til at 
realisere de tekniske udfordringer ved de forskellige fejl scenarier. Der foreslås en 
ikke-lineær feedback-controller til GSC-kontrol til at undertrykke DC 
spændingsudsving og samtidig tilføre reaktive effekt i løbet af uforudsete at opfylde 
den reaktive kravet effekt support. 
 
Bagefter FRT en megawatt-plan variabel hastighed vindmølle knyttet til et 
svagt netværk udført. På grund af den dårlige dynamiske præstationer synkron 
referenceramme fase låst sløjfe PLL under ubalancerede nytteværdi betingelser, to 
forbedrede PLL'er undersøges nemlig afkoblet dobbelt synkron referenceramme 
PLL (DDSRF-PLL) og Dual Second Order Generaliseret Integrator, DSOGI baseret 
Frekvens Locked Loop, DSOGI-FLL. Derudover er afkoblet dobbelt synkron 
referenceramme nuværende controller afsat til GSC controller til at modvirke de 
nuværende krusninger og tackle dc spændingsudsving under usymmetriske fejl for 
at forbedre systemets ydeevne og hjælpe med at opfylde de netkode krav. 
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Chapter 1 
Introduction 
	
This chapter provides the general background of the thesis, a brief review of 
the challenges of wind power plants operating in weak grids. The conventional, state-
of-the-art of wind turbine configuration and details of modern grid code regulations 
are discussed. The research objectives, technical contributions and the thesis outline 
are also provided. 
 
1.1 Background 
With 282.5 GW installed capacity in 2012 compared to 94 GW in 2007, wind 
energy is potentially one of the fastest emerging renewable energy source (RES) 
worldwide [1]. Motivated by the desire to reduce fossil fuel emissions, policy makers 
continually implement incentives for increasing investment in wind energy worldwide 
[2]. By 2020, the total wind power generation is expected to supply about 12% of the 
gross world electricity demands [3]. According to the goal of the European Union, 
20% of the energy should be via renewable sources by 2020. The contribution of 
renewable energy sources has to be over 30% to meet this target. Due to the limited 
potential growth of onshore wind farms (WFs) by human activities and sitting spaces, 
offshore WFs are more favorable because of better wind speed conditions and 
environmental concerns. A partly from being costly, offshore WFs are usually located 
at a distance from utilities which requires long feeders [4]. 
By the end of 2013, China possessed 91.4 GW cumulative capacity fostering 
its rank in the global wind market [1]. Typically, 95% of the wind energy resources in 
China are located in northern part, northwest and the eastern coast as demonstrated in 
Fig. 1.1 [5], [6]. However, about two-thirds of the Chinese electricity demand is 
concentrated in the middle and eastern territories. Due to the rapid growth of wind 
energy in the northern areas, the insufficient power grid supporting infrastructure 
issue is becoming severer. The installed capacity of wind energy in China which is out 
of grid access exceeded 30% compared to 10% in United States and Europe [5]. As a 
result, about 10 % of the net generated wind power in China is curtailed as a 
consequence to the limited transmission capacity to accommodate the harvested wind 
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power [4]. The latter resulted in $1.6 billion nationwide economic loss in the same 
year [6]. Additionally, voltage violations to some of the transmission networks have 
been detected in different territories due to the steady growth of wind power 
penetration [7]. 
Denmark has the highest wind power penetration worldwide, where wind 
power acquires about 40% of the installed generation capacity in Denmark [8]. 
Denmark looks forward at achieving 50% of the whole power consumption via wind 
energy by 2020 which is considered the highest compared to other countries [9]. At 
the end of September 2010, the total installed wind power capacity in Denmark was 
3.73 GW, in which 868 MW supplied from offshore wind power plants (WPPs) [3]. 
The significant wind power penetration in Denmark exemplifies additional burdens on 
transmission as well as distribution networks. A significant portion of the Danish 
energy consumption is speculated via offshore WFs in the long-term. 
With vast sum of funds invested in wind energy market, EU aims at supplying 
14% of Europe’s gross electricity demand by 2020 and 33% by 2030 including 
onshore as well as offshore WFs [10]. A steady growth in the net annual increase in 
offshore wind capacity is expected from 1.1 GW in 2011 to 6.5 GW in 2020. Europe 
plans for 40 GW offshore wind power installed capacity by 2020 and 150 GW by 
2030 [10] - [12]. Figure 1.2 demonstrates the offshore wind power future 
development in the North Sea. 
However, the integration of such significant wind power into power systems 
presents a major challenge to transmission system operators (TSOs). Thereby, 
operation of wind power into weak networks is seen as an expected operating scenario 
in the near future in Denmark and EU. 
 
Figure 1.1 Main territories of wind energy resources in China. 
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Figure 1.2 Offshore and onshore wind farm installations in Northern Europe in 2020 
and 2030 [11]. 
 
1.2 Characteristics of Weak Grids  
 
Owing to the rapid replacement of conventional power plants (CPPs) with 
renewable resources, power systems are becoming weak. Grid strength at a certain 
bus is usually represented by its short circuit capacity (SCC) which depends on the 
current flowing at this bus due to a solid fault. For a certain grid represented by its 
Thevenin equivalent seen from a bus as seen in Fig. 1.3, the SCC at the point of 
connection POC is calculated as below: 
( )
2
g
V
SCC= 1.1
Z
g  
Hence, the lower the Thevenin equivalent impedance, the stronger the grid is. 
One of the key indicators of a weak grid is the short circuit capacity ratio 
(SCR). The SCR is the ratio between the point of connection (POC) short circuit 
capacity SCC to the maximum apparent power of the wind generator SWG: 
 
 
WG
SCCSCR= 1.2
S
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According to the definition in [13], the strength of an ac system can be 
classified according to the SCR as: 
 Strong system, if the ac system SCR is greater than 3.0. 
 Weak system, if the ac system SCR is between 2.0 and 3.0. 
 Very weak system, if the ac system SCR is lower than 2.0. 
 
In the literature, SCR of 10 is perceived as a boundary below which the 
attached network is weak. In The German grid code [14], the related transmission 
system operators TSOs require a stiff network minimum SCR of 6 for the connection 
of the WPP. In the Danish grid code, an SCR of 10 is requested during system studies 
for WPPs [9]. However, the system SCR can vary widely depending on the system 
structure especially with the increasing installations of renewable resources which 
may result in very weak grid connections, i.e., SCR below 2. 
Table 1.1 lists typical WPP projects in Australia with very weak grid connections 
[15]. 
Table 1.1 
WPP Rating, MW SCR 
Mussellroe 168 1.74 
Collgar  250 2.56 
Silverton (stage 1) 300 1.24 
 
Virtually, a weak network can be also due to different reasons such as: 
 A network with low SCC due to high impedance lines, and/or not connected 
to other strong neighboring networks. 
 Due to significant replacement of conventional power plants CPPs with 
renewable sources, it follows that SCC gets lower at all system buses. 
 The long distance connections of the remotely located WPPs which are 
typically found in areas with favorable wind speed conditions. 
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Figure 1.3 equivalent circuit of a WT connected to a weak grid.  
 
1.3  Weak Grid Challenges 
 
Weak grid connections can represent serious technical issues to WPP 
operational scenario. The following section provides a description to the likely 
challenges cause by weak grid connection and its impacts on WPPs operation. 
1.3.1 Steady-state Issues 
As Wind Farms (WFs) are geographically constructed in remotely located 
areas with favorable wind speed conditions as the case of offshore WPPs. The 
structure of such locations is rather weak with lower fault level due to long feeders’ 
(high impedance) connections. Moreover, significant voltage fluctuations and power 
quality/stability challenges pose substantial constraints on the efficient integration of 
wind power into weak networks.  On the other hand, even relatively strong networks 
might also encounter markedly grid impedance change owing to load variations 
and/or lines tripping [5].  
One of the main challenges provoked by weak grid connections is voltage 
stability caused by the active and/or reactive power injection to/from the grid-
connected WPP. As a consequence to the high ac system impedance, a weak network 
is liable to remarkable voltage deviations as a result of active and/or reactive power 
changes, worsening the point of connection (POC) voltage quality. Such POC voltage 
deviations are highly undesirable and can be harmful for power converters and 
adversely impact the quality of power supply. In addition, voltage fluctuations 
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provoke flicker emissions which represent a serious drawback impacting power 
quality and restrict the captured wind power [16]-[19].  
Wind power curtailment is crucial to address the POC voltage fluctuations and 
maintain the system stability. Despite, active power curtailment can sustain normal 
operations, significant power loss is consequent. Besides, the reactive power 
capability of the WPP is also affected due to the change of the system voltage 
operating range during continuous operation. Several serious concerns regarding 
voltage, frequency and system stability manifested recently due to connecting WPPs 
to weak networks which irritated the proliferation of wind power [1].   
Furthermore, wind power  vagaries due to wind speed variations and 3p 
oscillations resulting from tower shadow and wind shear effects exacerbate voltage 
perturbations and power quality as well [6], [7]. 
1.3.2 Dynamic Issues 
According the modern grid codes (GCs) commitments, WPPs must participate 
in reactive power support during a fault in order to retrieve the system voltage. As 
weak grid connection can dramatically affect the reactive power capacity of WPPs, 
the inability of power system to handle the necessary reactive power during faults 
may result in tripping of WPPs owing to transient overvoltage during recovery period.  
Being highly distorted, accurate tracking of the system voltage angle becomes 
difficult due to fast and large voltage angle shifts which may result in instability of 
wind turbine generator (WTG) fast current control loops [15]. Consequently, 
retriggering of WTG low voltage ride through (LVRT) controller may incur reactive 
power swings and voltage instability if the WTG level and WPP controllers are not 
coordinated. Such coordination can be challenging because of significant voltage 
difference between the WPP and the POC. 
Generally speaking, recent grid codes take into account only strong networks 
in their regulations. Therefore, for weak or even very weak grid connections, some 
technical regulations might be difficult to be fulfilled. For instance, enabling the WPP 
to operate at 0.93 leading/lagging power factor entails exceeding the normal system 
voltage range, േ10%. Furthermore, achieving the rewarded PQ ramp rates might not 
be as fast as in a stiff network unless exceeding the voltage range, damping or setting 
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time of the respective grid code regulation [15]. Also, retrieving WPP active power 
production to pre-fault condition too fast can produce transient overvoltage which can 
cause retriggering LVRT and thus tripping the WPP. 
Consequently, weak networks connections impose dramatic wind power 
limitations in terms of grid structure and wind turbine WT output power [18]-[20]. 
1.4  Wind Turbine Technology Development 
 
Wind turbines have evolved significantly through the last decades due to the 
continuous efforts to improve the efficiency of the wind energy conversion systems 
(WECS). Wind turbines can be classified into two main groups, fixed speed wind 
turbines FSWTs (type A) and variable speed wind turbines VSWTs (type B,C and D) 
which predominate the today’s wind global market. These types are based on 
horizontal axis, three-bladed upwind structure which differs in generator type and its 
respective control systems. These four types are explained below. 
1.4.1 Type A: Fixed Speed Wind Turbine (FSWT) 
This type is also known as the Danish concept which has been introduced in 
the early 1990. As the name suggests, FSWT operates at a constant rotor speed. As 
seen in Fig. 1.4, FSWT is comprised of a fixed speed induction (asynchronous) 
generator (IG) with its rotor coupled with the low speed WT through a fixed ratio gear 
box (GB) while its stator is directly coupled to the main grid via a step-up 
transformer. A soft electronic starter is usually included to render soft starting during 
grid connection. Despite the fact that this type is simple and robust structure with 
relatively low cost, it produces fluctuating output power as the wind speed variates 
due to operating at constant speed [21]. Besides, the maximum wind energy 
conversion efficiency can be only attained at a typical wind speed. Furthermore, a 
shunt capacitor bank is usually installed at its terminals as IG cannot control reactive 
power. 
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Figure 1.4 Configuration of FSWT (type A). 
 
1.4.2 Type B: Limited Variable Speed Wind Turbine 
In this type of WTs, a wound rotor induction generator (WRIG) directly 
coupled to the grid is existed. The configuration of this type is demonstrated in Fig. 
1.5. Similar to type A, a soft starter, shunt capacitor and gear box are augmented and 
perform the same role. Compared to type A, a power electronic controlled variable 
resistor equipped with the rotor allows for slip control and therefor the generator can 
achieve 10% speed variation during wind gusts. Moreover, the construction of this 
type of WTs makes it aerodynamically more efficient with better power quality and 
lower mechanical drive-train stresses compared to type A. Also, this type of WTs 
usually employs an active blade pitch angle (BPA) control system. 
 
Figure 1.5 Configuration of limited variable speed wind turbine (type B). 
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1.4.3 Type C: VSWT with Double-Fed Induction Generator 
The configuration of type C wind generator is illustrated in Fig. 1.6. In the 
doubly-fed induction generator (DFIG) pitch-controlled WT, the stator is directly 
connected to the grid whereas, the rotor side is connected to the grid via two two-level 
partial scale pulse width modulated (PWM) converters. Typically, the partial scale 
converters are rated at 25-30% of the generator rating. Using partial scale converters, 
DFIG WTs still dominate the global market as it acquires 50% of the current installed 
WPPs [22]. 
The main advantages of such wind generator are known as variable speed 
operation, smooth startup, small power fluctuations especially above rated wind speed 
and possibility for dynamic reactive power support during contingencies. 
 
Figure 1.6 Configuration of DFIG-based wind turbine (type C). 
1.4.4 Type D: VSWT with Full Power Converter 
Figure 1.7 depicts the configuration of this concept. Typically, several 
generators can be utilized with this type such as wound rotor synchronous generator 
WRSG and permanent magnet synchronous generator (PMSG). In this configuration, 
gear box can be dispensed if a low speed multi-pole synchronous generator is used. 
The WTG is fully decoupled from the grid with virtue of two full scale power 
converters which ensures full range of variable speed operation, better controllability 
and dynamic grid support capability during emergencies. Due to its advantages, 
PMSG based WT is also widely used in the global market of wind power. However, 
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its cost is higher than that of DFIG based WTs due to the full scale converters which 
have the same rating as the generator. 
 
 
Figure 1.7 Configuration of PMSG-based wind turbine (type D). 
 Thanks to their power converters, VSWTs can readily control independently 
output active and reactive powers compared to FSWTs. Therefore, wind generator 
types C and D can potentially comply with the stringent grid code regulations with 
respect to reactive power control, active power curtailment and contribute to power 
system stability. However, the transient response under disturbances for these types is 
challenging and needs proper control strategies as will be handled later. 
1.5  Grid Codes Requirements 
 
Grid codes regulations are introduced by transmission system operators TSOs 
in order to outline the operational responsibilities of the generating units of the 
respective transmission/distribution networks [27]. In the past, as the share of the RES 
compared to CPPs was negligible, grid codes didn’t stipulate regulations for WPPs. 
Yet, with the significant increase of wind power penetration in many countries, the 
situation has dramatically changed. Several serious concerns have been raised recently 
regarding the adverse impacts of wind energy as stochastic and intermittent power 
source. To maintain the system stability and reliability, TSOs stipulated stringent 
technical regulations on WPPs that are connected to the power system. According to 
the grid codes, WPPs not only have to withstand grid excursions but also provide 
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ancillary service regarding reactive power support as traditional generators to recover 
the ac voltage. Different international grid codes exist in many countries which differ 
according to the wind power penetration level, robustness of the power system and 
local utility practices [27]. Despite the technical differences between the various grid 
codes, common requirements exist among these grid codes which are: 
 Low voltage ride-through LVRT 
 Dynamic reactive power support 
 Active power control 
 Reactive power control 
 Voltage and frequency operating ranges 
Being one of the countries that has significant wind power share, the 
transmission system operators (Energinet.dk) in Denmark has introduced the Danish 
grid code which is a set of requirements that WPP has to satisfy in order to remain 
connected to the power system [9]. WPPs must be capable of constantly operating at a 
specific range of inductive/capacitive power factor in order to provide voltage 
regulation during normal operation. Figure 1.8 shows the reactive power regulations 
enforced by different grid codes. The Danish grid code requires a WPP with power 
output range of 1.5 MW to 25 MW to operate with a capacitive/inductive power factor 
PF of 0.975 when active power production represents more than 20% of nominal 
power. This operating range of reactive power/power factor relies on the SCC and 
configuration of the power system. Furthermore, WPP should be designed in such a 
way that the operating point lies somewhere within the hatched area. 
 
Figure 1.8 Reactive power requirements of different grid codes [9], [28]. 
Chapter 1      Introduction 
12 
 
Modern grid codes request WPPs to continue their uninterrupted supply under 
different fault scenarios based on a prescribed voltage–time profile. Such regulations 
are usually known as low voltage ride-through LVRT.  
Figure 1.9-a shows the LVRT requirement imposed by the Danish grid code on 
the WPPs connected to the transmission system [9]. As seen, it implies three 
operational modes; (1) The WPP must remain connected to the power system in area 
A and uphold normal production without reactive power support if the system voltage 
higher than 0.9 p.u. (2) The WPP should not only remain connected to the power 
system in area B but also provides reactive power support to the grid as demanded in 
Fig. 1.9-b to help stabilize the voltage with full reactive current injection in the area 
B′. However, the free current capacity must also be dedicated to pursue active power 
production in proportion to the voltage dip magnitude as recommended by Danish and 
British grid codes which will be discussed later. (3) The disconnection of the WPP is 
allowed in area C. On the other hand, the Danish grid code has stipulated another 
requirement for high voltage operation known as high voltage ride-through, HVRT as 
depicted in Fig. 1.9-c. Such operating condition may arise due to disconnecting large 
load or a grid fault [27]. 
Fig. 1.10-a depicts the German E.ON, Scottish and Irish grid code low voltage 
ride-through, LVRT commitment which implies that the WTs, must remain connected 
if the terminal voltage within the shaded area [29]. As seen in Fig. 1.10-a, E.ON 
LVRT is onerous as it requests fault ride-through, FRT, capability for different faults 
accompanied with zero voltage dips for 150 ms duration. Irish grid code requires FRT 
against faults with remnant voltage of 0.15 p.u for more than 500 ms. Fig.1.10-b 
illustrates the Spanish and German reactive power support obligation. Typically, no 
reactive power support is demanded for voltage dips with remnant voltage of 0.9 p.u. 
Nevertheless, maximum reactive current support is required for voltage dips below 
0.5 p.u. 
In the European Network for Transmission System Operators for Electricity 
(ENTSO-E) grid code, it is implied that FRT response during asymmetrical faults and 
reactive power support is to be set by agreement between TSOs and WPP operators 
[14]. However, compared to symmetrical faults with only 5% occurrence, 
asymmetrical faults are reported more frequently occurring in transmission systems 
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with single line-to-ground faults 70%, line-to-line faults 15%, double line-to-ground 
faults 10% [30].  
 
 
Figure 1.9 Danish grid code requirements: (a) LVRT, (b) Reactive power support criterion, 
(c) HVRT. 
 
 
 
Figure 1.10 Typical WT Grid code requirements: (a) LVRT, (b) Reactive power Support. 
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1.6   Research Objective 
 
This three-year PhD research project “wind power integration into weak 
power systems” was initiated by Department of Energy Technology at Aalborg 
University in collaboration with the Sino-Danish Center for Education and Research, 
SDC.  
First of all, this dissertation investigates the characterization and assessment of 
voltage and power constraints raised by connecting a DFIG WT to a weak network. a 
detailed model of a megawatt-level DFIG WT connected to a weak network with 
widely varying parameters, i.e., short circuit capacity ratio SCR and X/R ratio is 
modeled in MATLAB/SIMULINK environment and investigated. An adaptive 
voltage control AVC scheme based network parameters and operating point is 
proposed to continually retain voltage constancy and smoothness at the point of 
connection POC in order to maximize the wind power penetration. Besides, the 
dissertation investigates the fault ride through FRT capability of WTs attached to 
weak networks. The study is firstly applied to stiff networks to realize the technical 
challenges of the different fault scenarios.  
Specifically, the objectives of this research study are as follows: 
1) To develop models to study the characterization of wind power connected 
to weak power systems. 
2) To propose control methods for the purpose of continually improving of 
POC voltage in case of very weak conditions and variable wind speed. 
3) To develop a dispatch strategy to handle the reactive power 
absorption/release between the DFIG WT and the host power system under 
widely varying system parameters. 
4) To analyze the FRT behavior of WTs connected to stiff as well as weak 
networks and explore the compliance with the grid codes requirements. 
5) To improve the performance of WTs operating in weak systems via 
proposing control systems. 
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1.7   Technical Contribution of the Thesis 
 
The main technical contribution of the thesis is summarized as follows: 
1) A simplified model is conducted to study the technical constraints raised 
by connecting a DFIG WT to a weak network. Besides, the respective 
POC voltage, active and reactive power stability issues are evaluated and 
identified based on the studied system. 
2) A proposed AVC scheme reliant on network parameters to continually 
mitigate POC voltage variations for very weak networks with widely 
varying SCR as well as X/R ratios under different operating conditions. 
3) A proposed reactive power dispatch strategy to manage the reactive power 
exchange between the wind generator WG and the host power system is 
presented and validated. 
4) The overall system stability is investigated using AVC via identifying the 
safe operating regions for a wide range of system parameters. 
5) The FRT of a DFIG WT connected to stiff and weak systems is studied 
and control techniques are proposed to ensure the compliance of the grid 
codes. 
 
1.8   Outline of the Thesis 
 
This PhD dissertation is divided into six chapters and appendixes. It is 
organized as follows: 
Chapter 1 Introduction 
This chapter gives the background and main objective of this thesis. Besides, 
presents an overview of the expansion of wind energy in the global market and the 
recent challenges and technical issues which are related to the integration of wind 
power into weak power systems. Also the technical contributions in the project are 
discussed. 
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Chapter 2 Assessment of Technical Constraints of DFIG Connected To a Weak 
Network 
This chapter investigates the diverse technical challenges experienced by 
integrating a DFIG WT into a weak grid of widely changing parameters. Firstly, a 
simplified model is utilized to develop the assessment criterion to evaluate the impact 
of the active and reactive power feed-in on the POC voltage under different 
conditions. The active and reactive power limitations according to the capability 
limits of the WTG is also considered. Moreover, the impact of the POC voltage 
deviation on the in-feed active/reactive power and the power factor of the system is 
presented. 
 
Chapter 3 Adaptive Voltage Control Strategy for VSWT Connected to a Weak 
Network 
In this chapter, an adaptive voltage control (AVC) strategy is proposed to 
retain voltage constancy and smoothness at the point of connection (POC) in order to 
maximize the wind power penetration into weak networks. A proposed reactive power 
dispatch strategy to manage the reactive power flow from/to the wind generator WG 
is presented. Intensive simulation case studies under different network topology and 
wind speed ranges reveal the effectiveness of the AVC scheme to effectively suppress 
the POC voltage variations particularly at very weak grid conditions during normal 
operation. 
 
Chapter 4 Fault Ride-Through FRT Response for DFIG WT Connected to a Stiff 
Network 
This chapter presents a new decentralized control strategy for a Doubly-fed 
Induction generator wind turbine, DFIG WT connected to a stiff network considering 
the Danish grid code requirements. A nonlinear controller is adopted for the grid side 
converter, GSC, to ensure decoupled control of the DC link voltage and the reactive 
power, and counteract the DC link voltage run-away. Moreover, the GSC is dedicated 
to inject reactive power during voltage dips to satisfy the grid code reactive power 
support obligation. A conventional PI controller is devoted to control the rotor side 
converter, RSC, with additional compensation terms to reduce the rotor over-speed, 
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and limit the rotor and stator large transient currents. The simulation results assure the 
FRT capability of the proposed control strategy in compliance with the Danish grid 
code without additional hardware circuits. 
 
Chapter 5 Fault Ride-Through FRT Response for DFIG WT Connected to a 
Weak Network 
An enhanced coordinated low voltage ride-through, LVRT, control strategy 
for a Doubly-fed Induction generator (DFIG)-based wind energy conversion system, 
WECS, connected to a weak grid is presented in this chapter. The compliance with the 
grid code commitments is also considered. A proposed decoupled double synchronous 
reference frame (DDSRF) current controller is adopted for the design of grid side 
converter, GSC, controller to counteract current oscillations during asymmetrical 
faults and tackle the DC link voltage run-away. For a precise detection of the grid 
voltage position even under severe voltage dips/unbalanced conditions, A DDSRF-
PLL is proposed and analyzed to extract clean synchronization signal in order to 
improve the overall system performance. Moreover, a fast decomposition based 
positive and negative sequence algorithm is utilized for rapid fault detection and to 
engage the LVRT protection scheme. Furthermore, additional compensation terms are 
incorporated with the traditional GSC and rotor side converter, RSC, controllers to 
effectively suppress rotor as well as stator currents and meanwhile regulate the rotor 
speed.  
Chapter 6 Conclusions and Future Work 
This chapter presents the main findings and conclusions of this thesis and also 
the topics for future work. 
List of publications 
The scientific articles published during the course of this dissertation are 
listed. 
Appendix 
 Additional and detailed derivation of modeling equations and parameters are 
listed in the appendix section. 
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Chapter 2 
Assessment of Technical Constraints of DFIG Connected To a Weak Network 
 
This chapter is dedicated to investigate the diverse technical challenges 
experienced by integrating a DFIG WT into a weak grid of widely changing 
parameters. First of all, a simplified model is utilized to develop the assessment 
criterion to evaluate the impact of the active and reactive power feed-in on the POC 
voltage under different conditions. The active and reactive power limitations 
according to the capability limits of the DFIG WT is also considered. Moreover, the 
impact of the PCC voltage deviation on the in-feed active and reactive power and also 
on the power factor of the system is presented. Finally, simulations investigations to 
verify the obtained results at different network strength are carried out. 
 
2.1 Introduction 
Distributed generation (DG) has a limited impact on local bus voltage and 
therefore power quality/stability in case of strong (low impedance) networks at the 
point of connection POC. In the literature, it has been found that the grid short circuit 
capacity ratio SCR and the X/R ratio have a great influence on the operation of WPPs 
connected to weak power systems. Wind farms, WFs, are geographically suited in 
areas with rich wind resources which is typically distant from the main grid [1]. The 
infrastructure of such remote areas is rather weak which poses serious constraints on 
the effective utilization of the available wind energy [2].  
Despite the fact that weak ac networks can cause power quality/stability 
issues, this phenomenon has been challenging to studies over the last decades [3]. 
Detailed electromagnetic transient (EMT) simulations environments have been 
employed for the study of the inherent interactions between modern WPPs and the 
host power system. As such software tools only support time-domain trial and error 
simulations, insufficient qualitative conclusions are obtained for these 
multidimensional systems. 
Though analytical models and the application of stability analysis criteria, is 
extensively reported in recent decades in various electrical power engineering fields, 
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the  stability and control analytical studies applied to modern WPPs are not widely 
reported yet. The use of stability analysis approaches such as eigenvalues or 
frequency domain analytical techniques for modern WECS operated in weak 
networks provides insights into the latent system dynamics and its stability features 
[3]. However, such analytical models especially for complex nonlinear systems 
require detailed mathematical analysis. Besides, the accuracy of the resulting models 
is accurate only around steady-state operating points and EMT verification is always 
essential. 
The purpose of this chapter is to thoroughly investigate the challenges and 
constraints raised by the integration of WPPs into an ac network of extensively 
varying parameters and very weak conditions. Therefore, a simplified model is 
utilized to develop the assessment criterion to evaluate the impact of the in-feed active 
and reactive power on the POC voltage under different conditions. The active and 
reactive power limitations according to the capability limits of the WTG is also 
considered. Moreover, the impact of the POC voltage deviation on the in-feed active 
and reactive power and also on the power factor of the system is presented. The 
methodology adopted here can be also applied to other wind generator system. 
Finally, simulations investigations to verify the obtained results at different network 
strength are carried out. 
 
2.2 System Description  
Figure 2.1 illustrates a typical representation of a wind generator of type C 
(DFIG WT) installation. The system comprises a 2 MW variable speed DFIG WT. 
The WT represented with the rotor as a two mass model is operated according to the 
well-known maximum power point tracking (MPPT) to extract the maximum 
available power at each wind speed below the rated value and holds a constant power 
over the rated wind speed [4]. The DFIG rotor speed is controlled via a blade pitch 
angle BPA controller in order to limit the WT rotational speed above rated wind 
speed. The DFIG is connected to the ac system through two two-level PWM back-to-
back voltage-source converters (VSC) namely, RSC and GSC and a coupling 
transformer.  
 
For sake of simplicity, the Thevenin equivalent circuit of the detailed system 
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of Fig 2.1 is used to represent the electrical network. This simplified system depicted 
in Fig. 2.2 is devoted to provide an insight into the different impacts posed by 
integrating a DFIG WT to a weak network, i.e., voltage-quality and active and 
reactive power constraints.  
The system comprises a DFIG WT connected at the POC to the host “stiff” 
power system with constant voltage, Vn. The WG is modeled as a controllable current 
source with active and reactive power control. The equivalent impedance of the 
connection line and the coupling transformer is denoted by Zeq. Large WPPs are 
usually connected to highly inductive transmission networks with X/R ratios between 
1.4 to 11.4 whereas, it can be around 0.5 in case of small WTs attached to distribution 
networks [5] ,[9].  
The POC bus voltage, Vpoc can vary depending on the SCR and X/R seen at 
this bus. In addition, another key indicator that denotes the grid impedance angle or 
the ratio between the grid reactance to its resistance is the X/R. In the literature, 
inconsistency about a conclusive definition for a weak grid exists. However, a grid 
with SCR below 10 and X/R < 5 is considered as a weak grid [3].  
For a certain SCR, the POC voltage can encounter increment or decrement 
based on the X/R value [5]. To develop the analytical model that represents the 
system dynamics, the DFIG active and reactive power capacity limits are first 
identified. 
 
 
Figure 2.1 Schematic representation of DFIG wind generator model. 
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Figure 2.2 Grid-connected DFIG WT equivalent system. 
 
2.3 System Modeling 
Nowadays, WPPs are enforced to spontaneously manage reactive power to 
render a stable grid voltage and maintain grid connection in order to satisfy the 
onerous grid code commitments [6], [7]. Nevertheless, connecting an intermittent and 
stochastic WG to a weak power system with widely varying parameters aggravates 
the reactive power compensation (RPC). POC Voltage perturbations are directly 
related to different aspects, among which is the typology of the WT with the 
respective generator and embedded supervisory system [8]. Wind speed turbulences 
and profile also represents an important factor. Moreover, network characteristic, i.e., 
short circuit capacity ratio, SCR and feeders X/R ratio is a major aspect.  
For the below analysis, reactive power at the POC is handled by the DFIG 
stator side only. Besides, the symbols, V,P,Q,I, signify voltage, active power, reactive 
power and current respectively. Subscripts, t,s,r,w,m refer to total, stator, rotor, wind 
and magnetizing respectively. R,X,s refer to resistance, reactance and slip 
respectively. 
Assuming that the WT produces line current Iwt, an expression for the POC voltage 
magnitude can be described by the following equation: 
                                                              (2.1)poc n wt eq eqV V I R jX    
 
                                                 (2.2)t tpoc n eq eq
poc
P jQV V R jX
V 
    
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Where: 
 ( )2.3jpoc pocV V e j=  
Equation (2.2) can be rearranged and solved for Vpoc as: 
     4 2 2 2 2 2 2 (2.4)2 0poc poc n t eq t eq eq eq t tV V V PR Q X R X P Q          
After solving (2.4), the POC voltage can be expressed as: 
2                                                         (2.5)0.5poc nV V A   
Where, 
   24 2 (2.6)0.25       t eq t eq n t eq t eq n t eq t eqA PR Q X V PR Q X V P X Q R        
The detailed derivation of (2.4), (2.5) can be found in Appendix A .The 
relation between the POC voltage, WT total delivered active and reactive powers, Pt, 
Qt as well as equivalent impedance parameters, Req,Xeq which directly influence SCR 
and X/R ratio is described by (2.5)-(2.6). It is worth mentioning that some studies 
suppose that the POC voltage magnitude is mostly determined by the real term 
contribution of (2.2) which yields [10]: 
                                                 (2.7)t eq t eqpoc n
poc
PR Q X
V V
V 
   
Figure 2.3 compares actual and approximate POC voltage profile obtained 
using (2.5), (2.7) corresponding to rated WT output active power and 0.975 leading 
power factor. Clearly, it can be seen that (2.7) can be fair only for stiff distribution 
networks characterized by SCR˃10. Nevertheless, for weak networks of lower SCRs, 
(2.5) is essential to accurately represent system behavior. Thereafter, (2.5) is used to 
characterize the POC voltage. 
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Figure 2.3 Actual (solid) and approximate (dashed) POC voltage versus SCR. 
 
2.4 DFIG Capability Limits 
 
The capability limits of a 2 MW DFIG of which parameters are listed in 
Appendix C considering stator and rotor currents heating constraints due to Joule’s 
losses, maximum and minimum active and reactive power are shown in Fig. 2.4 [2], 
[11]. Identifying the control abilities of the WG aims at optimally design the DFIG 
control system in order to improve the system operation. The following sub-sections 
elaborate the diverse limiting factors that influence the DFIG active and reactive 
power capacity. 
 
2.4.1 Stator Current Limit 
 
When the stator rated voltage and rated current (base values) are expressed in p.u., 
the limit due to stator current can be expressed as: 
   22 2 2.8s s poc sP Q V I   
Equation (2.8) shows the maximum stator current in the PQ plane as a circle 
centered at the origin with a radius equal to the stator apparent power as shown in Fig 
2.4. 
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2.4.2 Rotor Current Limit 
 
The rotor current limit is obtained considering the heating owing to the rotor 
winding Joule’s losses. Assuming that the DFIG stator resistance, Rs is neglected, 
then the stator active and reactive powers at rated stator voltage can be respectively 
expressed as [11]: 
 sin 2.9ms poc r
s
XP V I
X
  
 2cos 2.10pocms poc r
s s
VXQ V I
X X
   
Combining (2.8) and (2.9)-(2.10), yields: 
    
2 22
2 2.11poc ms s poc r
s s
V XP Q V I
X X
            
 
Equation (2.11) is depicted as a circle centered at  2 ,0poc sV X  in the 
considered PQ plane. The reactive power axis offset shows the DFIG magnetizing 
effect via a constant reactive power absorption which varies with the grid voltage (see 
Fig 2.4). 
 
2.4.3 Total Capability Limit 
 
The total DFIG active power is the sum of stator and rotor active power 
 2.12t s rP P P   
Neglecting stator and rotor resistances, the rotor active power is given as 
  2.13r sP sP   
Hence, the DFIG total active power generation limit is expressed as 
   max 1 2.14t sP s P    
Figure 2.5 shows that the DFIG total capacity limit increases the stator capacity 
limit with the proportion of the rotor fed power. Thereby, Fig. 2.5 depicts the feasible 
operating zone of the DFIG including the total active power limit. 
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2.4.4 Maximum and Minimum Reactive Power Limits 
 
The DFIG maximum and minimum reactive power limit considers the total 
capacity limit as well as the steady state stability limit. After solving (2.11), the 
maximum generation and absorption limits of DFIG reactive power can be obtained 
as: 
    2 2 2max 2.15sg m s poc r t poc sQ X X V I P V X     
 2max 2.16sa poc sQ V X    
The detailed derivation of (2.11) is elaborated in Appendix B. The final 
capability area of the considered 2 MW DFIG based WT is shown in Fig. 2.5 the 
obtained capacity limits will be used for the design of the system controllers and 
evaluating the surplus reactive power required by the WG in order to maintain the 
voltage constancy for the range of SCR and X/R variations. 
 
 
 
Figure 2.4 DFIG capability limits due to several limiting factors. 
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Figure 2.5 DFIG capability final working area. 
 
2.5 DFIG Technical Constraints 
 
In the following section, the conceivable impacts of the DFIG generated power 
on the PCC voltage profile under a wide range of SCR and X/R and also at different 
power factor scenarios are discussed. 
2.5.1 Voltage Constraints 
 
The European Standard EN 50160 has been issued to limit the voltage 
variations and maintain voltage quality by imposing statistical limits in such a way 
that a time limited deviation of exceeding them is allowable [12].  
The POC voltage behavior in response to SCR and X/R ratio variations is 
depicted in Fig. 2.6. The WT is presumed to deliver the rated output power. In 
addition, different power factor PF scenarios are investigated to evaluate the impact of 
reactive power exchange on the POC voltage. The considered power factor PF 
operating scenarios are 0.975 leading, 0.975 lagging and unity power factor UPF as 
recommended by the Danish grid code for WPPs with output power greater than 1.5 
MW [13]. As implied from Fig. 2.6, the POC voltage evokes dramatic perturbations 
as a consequence to the system parameters change. At a certain SCR, the POC voltage 
can overtake the nominal value or even decreases according to the X/R ratio or 
alternatively, the network impedance angle. Also, it is worth noting that for 1≤SCR≤4 
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and X/R≤2, higher voltage spikes unfolded which indicates for very weak condition. 
In particular, weak grids suffer significant parameters change with the SCR and/or 
X/R ratio variations. Besides, the grid features a resistive characteristic the lower the 
X/R ratio, specially below 2 as indicated above which can readily induce considerable 
voltage fluctuations as illustrated in Fig.2.6. 
Additionally, the recorded POC voltage spikes vary according to reactive 
power flow or the power factor operating scenario. The leading PF scenario resulted 
in the maximum voltage increment as the WT releases reactive power rather than 
absorbing to regulate the voltage. Owing to the intermittence of wind speed, the 
variability of WT output power provokes POC voltage deviations [8].  
Figure 2.7 shows the POC voltage behavior in response to the WT delivered 
output power and SCR change at different feeder X/R ratios calculated using (2.4). 
The WT reactive power Qt corresponds to 0.975 leading PF. With higher SCR and 
X/R ratio “stiff network”, the POC voltage is slightly influenced by the active power 
growth. Compared to X/R ratio of 10, the voltage rises quickly at X/R ratio of 0.5 
particularly at very lower SCRs and thereby exceeds the acceptable limits, which is 
chosen as  ̶ 5% ~ +5% in this study [1]. The result emphasizes on the impact of the 
feeder X/R ratio and the associated effect on the voltage-quality even at relatively 
higher SCRs.  
 
Figure 2.6 POC voltage behavior in response to SCR and X/R ratio variations. 
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Figure 2.7 POC voltage response against in-feed wind power and grid parameters. 
 
2.5.2 Active/Reactive Power Constrains 
 
In order to quantify the reactive power required to retain rated POC voltage for 
the entire range of delivered active power and network parameters, (2.4) is solved for 
Qt which results in: 
 22 2                                                       (2.17)1t poc eq
eq eq
Q V X B
R X
   
Where,  
     22 2 2 2 2 2 2 4 2                      (2.18)2poc n t eq eq eq t eq eq poc eqB V V PR R X P R X V R       
 
Figure 2.8 demonstrates the desired reactive power targeted at obtaining zero 
voltage deviation at the POC bus. It can be obviously seen that due to the DFIG 
capacity/stability limitations (discussed in section 2.4), infeasible operation in the 
entire active power range is depicted in Fig. 2.8 either for consumption or injection 
aspects especially at very low SCR and X/R ratio. Although wind power curtailment 
can sustain system normal operation, significant power loss is consequent. In an 
attempt to address the aforementioned shortcomings and allow for higher wind power 
expansion, exogenous reactive power reinforcement is imperative. 
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Figure 2.8 DFIG active/reactive power limitations due to SCR and X/R variation. 
 
2.5.3 Reactive Power Regulation 
 
Reactive power compensation RPC is a key factor to maintain the voltage 
quality of weak grid-connected DFIG WT systems [14]. Nonetheless, the 
effectiveness of RPC varies according to the network characteristics. Equation (2.17) 
can be used to explore the in-feed reactive power desired for maintaining POC voltage 
deviation within permissible levels ΔVpoc = ±5%, under various system strengths. The 
relevant results for the demanded reactive power and power factor are depicted in Fig. 
2.9.a-f. Generally speaking, reactive power and power factor dramatically vary with 
the magnitude of voltage deviation, SCR and X/R ranges. Also, the reactive power 
consumed/supplied via DFIG can be a cost-effective option to handle the POC voltage 
deviation at certain SCR and X/R ranges. Yet, at very low SCR and X/R ratios, the 
DFIG cannot be solely utilized to regulate the POC voltage due to the imposed 
reactive power/power factor operational limits. Furthermore, higher reactive power 
demand is requested to attain voltage constancy the higher the SCR. This is because 
Qt is more sensitive to the voltage deviation at the higher SCR value which can be 
also recognized from (2.17) [15].  
 
Figure 2.10 shows the sensitivity of Qt to the voltage deviation versus ±5% 
POC voltage variation at different network parameters. The Qt surface area is getting 
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steeper the higher the SCR with higher demand the lower the X/R ratio ‘resistive 
network’. Therewith, it is worth mentioning that a network with higher SCR is 
improbably evoke such significant voltage deviations [15] ,[16]. Therefore, minimal 
reactive power can readily adjust the POC voltage at higher SCRs.  
 
To sum up, significant voltage fluctuations are induced owing to weak 
networks with lower SCR and/or X/R ratio that WTs are connected to which impose 
remarkable limitation on effective integration of WT generated output power. 
Besides, wind speed variations worsen voltage fluctuations which entails accurate 
voltage control VC to constantly regulate voltage waveform to address the 
aforementioned shortcomings which is presented in the next section. 
 
2.5.4 Grid Codes Compliance 
 
 
In addition to complying with the general GC requirements, wind power 
plants, WPPs, must be controlled in such a way that the operating point lies 
somewhere in the operating area to retain a specific range of power factor operation 
[13]. Assuming that the DFIG WT in Fig. 2.1 is attached to the host grid with SCR=2, 
hence, the active and reactive capacity limits can be obtained following the same 
procedure in section 2.4. Three distinct DFIG capacity limits are depicted in Fig. 2.11 
as a result of three bus voltages, Vpoc of 0.9, 1.0 and 1.1 p.u (which correspond to the 
maximum allowable voltage margin) along with the respective Energinet and E.ON 
grid codes requirements [7]. Obviously, from Fig. 2.11 it can be seen that subsequent 
to the POC voltage deviation, the DFIG WT is no longer capable of fulfilling the grid 
code requirements - set by either Energinet or E.ON - regarding reactive power/power 
factor regulation particularly when delivering the rated real power. In other words, 
reactive power support is necessary to maintain voltage constancy and thus drives the 
operating point into the operating area. 
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Figure 2.9 Reactive power and power factor regulation for ±5% POC voltage 
deviation.  (a) SCR=1 (b) SCR=2 (c) SCR=4 (d) SCR=6 (e) SCR=8 (f) SCR=10. 
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Figure 2.10 Rate of change of Qt under different network parameters. 
 
 
Figure 2.11 Grid codes compliance under PCC voltage deviation. 
2.6 Results and Discussions 
 
A set of simulation test cases is carried out to verify the aforementioned 
steady-state study. The equivalent system shown in Fig. 2.2 is used to conduct the test 
cases. A 2 MW DFIG WT is connected to a strong network with constant voltage, Vn, 
690 V, via a long feeder which mimics a weak network. The DFIG WT is modeled as 
a controllable current source with outer active and reactive power controllers and 
inner current controllers [1]. The active power outer controller regulates the WT 
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output power according to the available wind speed. The rated wind speed is 
considered as 11.4 m/s. The reactive power control ensures that system power factor 
operating range is േ 0.975 lagging/leading as recommended by the Danish grid code 
[7]. The employed power factor control of the DFIG is devoted to assess the impact of 
the reactive power flow through the system under weak conditions. The investigations 
will be performed at different network strength, i.e., different SCR and X/R ratios. 
Throughout the simulations, the system is subjected to a realistic wind speed profile to 
evaluate the POC voltage response and the obtained results are depicted in Figs. 2.12-
2.15. 
 From the results, it can be deduced that the POC voltage is significantly 
influenced by the real power feed-in especially at worst weak conditions with SCR=1 
and X/R=0.5 (Fig. 2.12) where the PCC voltage exceeds the safe boundaries set by 
grid codes which is typically േ10%. Also, maximum voltage deviation is detected 
while the WG delivers the rated output power. Additionally, the reactive power flow 
(power factor) can contribute to further impact on the POC voltage according to the 
system strength. Throughout the test cases (Figs. 2.12-2.15), the leading power factor 
scenario results in higher voltage increment. The lagging power factor operating case 
showed the minimum voltage increment as in such range of network strength, the WG 
should absorb more reactive power to maintain the voltage constancy at the POC. 
However, due to the imposed reactive power limitation, the DFIG is solely incapable 
of handling the reactive power exchange with the weak grid.   
Except for a network strength with SCR=10 and X/R=10, a relatively strong 
network encounters minimal voltage excursion within the allowable margins as in Fig 
2.13. Despite, the wind power curtailment can contribute to enhancing the POC 
voltage, it represents a cost-ineffective action that results in huge wind power loss and 
misuse of the wind energy resources. Moreover, the results emphasize that additional 
compensation techniques are to be embedded to mitigate the POC voltage fluctuations 
and facilitate higher wind power penetration into such weak networks.  
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Figure 2.12 System response to different network strength SCR=1, X/R=0.5. (a) Wind speed 
Wind speed, Vw (b) Delivered active power, Pt (c) Exchanged reactive power,Qt (d) POC 
voltage, Vpoc (e) POC voltage d-axis component, Vpoc-d. 
 
Figure 2.13 System response to different network strength SCR=10, X/R=10. (a) Wind speed 
Wind speed, Vw (b) Delivered active power, Pt (c) Exchanged reactive power,Qt (d) POC 
voltage, Vpoc (e) POC voltage d-axis component, Vpoc-d. 
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Figure 2.14 System response to different network strength SCR=5, X/R=1. (a) Wind speed 
Wind speed, Vw (b) Delivered active power, Pt (c) Exchanged reactive power,Qt (d) POC 
voltage, Vpoc (e) POC voltage d-axis component, Vpoc-d. 
 
Figure 2.15 System response to different network strength SCR=2, X/R=4 (a) Wind speed 
Wind speed, Vw (b) Delivered active power, Pt (c) Exchanged reactive power,Qt (d) POC 
voltage, Vpoc (e) POC voltage d-axis component, Vpoc-d. 
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2.7 Summary  
A steady-state study for a DFIG WT attached to a weak ac network under 
different network strength has been presented in this chapter. The various technical 
aspects and constraints imposed on the POC voltage, real and reactive power have 
been assessed and discussed. The reactive power consumption/generation demanded 
to regulate the POC voltage under different operating conditions has been 
investigated. Simulation verification was conducted to verify the obtained steady-state 
results.  
Furthermore, the simulations results assure the analytical study and emphasize 
the requirement for extra compensation reinforcements to foster more wind power 
penetration, effective usage of wind energy resources and attain satisfactorily POC 
voltage for weak network connections.  
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Chapter 3 
 
Adaptive Voltage Control Strategy for VSWT Connected to a Weak Network 
 
Significant voltage fluctuations and power quality issues pose considerable 
constraints on the efficient integration of remotely located wind turbines into weak 
networks. Besides, 3p oscillations arising from the wind shear and tower shadow 
effects induce further voltage perturbations during continuous operation. In this 
chapter, an adaptive voltage control (AVC) strategy is proposed to retain voltage 
constancy and smoothness at the point of connection (POC) in order to maximize the 
wind power penetration into weak networks. A proposed reactive power dispatch 
strategy to manage the reactive power flow from/to the wind generator WG is 
presented. Intensive simulation case studies under different network topology and 
wind speed ranges reveal the effectiveness of the AVC scheme to effectively suppress 
the POC voltage variations particularly at very weak grid conditions during normal 
operation. 
3.1 Introduction 
 
Traditionally, variable-speed wind turbines VSWTs are operated under fixed 
power factor control mode as stipulated by enforced grid codes. However, such 
operational mode shows pronounced limitation in case of weak grid scenario [1]. 
Fixed reactive power and voltage control (VC) are two favorable operational modes in 
the literature for the control of VSWTs [2], [3-6]. Apart from entailing active/reactive 
power dispatch [1], reactive power control mode becomes insignificant when adopted 
for very weak networks. Virtually, VC is increasingly desirable for weak networks to 
alleviate the POC voltage/power quality issues [6], [7]. Besides, with the prominent 
wind power penetration development, ancillary services such as VC provided by 
VSWTs become exigent [8] - [12]. Furthermore, VC allows for maximum reactive 
power compensation during utility contingencies.  
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In the literature, other authors have investigated weak networks in terms of 
short circuit capacity ratio SCR but with fixed feeder X/R ratio  [6]. Besides, the 
design of the relevant VC relies on fixed gains to improve the POC voltage 
performance. The novelty of this study lies in a proposed adaptive voltage control 
(AVC) scheme reliant on network parameters to continually mitigate POC voltage 
variations for very weak networks with widely varying SCR as well as X/R ratios 
under different operating conditions. A reactive power dispatch strategy to manage 
the reactive power flow from/to the wind generator WG is proposed. Additionally, the 
study not only quantifies the system reactive power associated with the network 
parameters change but also the reactive power sharing within the WG and identifies 
the proper GSC rating to tackle the voltage perturbations at the conceivable system 
strengths and operating point.  
 
Furthermore, the overall system stability is investigated using AVC via 
identifying the safe operating regions for a range of system parameters. In a broader 
context, the proposed AVC aims at facilitating wind power penetration into weak 
power systems. The reactive power compensation is realized primarily via the DFIG 
inherent stator reactive power as well as an over-sized grid side converter (GSC) 
which manipulates the reactive power deficit to address voltage disturbances. 
Moreover, a reactive power dispatch strategy to manage the reactive power 
coordination between the DFIG and the GSC is also presented.  
 
3.2 System Description and Modeling 
 
Figure 3.1 illustrates a schematic representation of the DFIG WT test system 
model. The model comprises a VSWT, mechanical drive-train, gear box, DFIG and 
two back-to-back AC-DC-AC partial converters, namely, grid side converter GSC and 
rotor side converter RSC. The WT is connected at the POC to the host network by 
means of an interface transformer and transmission line. A typical two level control 
scheme is devoted to control the DFIG WT system. A WT control is utilized to 
regulate WT mechanical output power through appropriate adjusting both pitch angle 
and the rotor speed according to the maximum power point tracking MPPT tracking.  
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Figure 3.1 Block diagram of a grid-connected DFIG WT test system. 
3.2.1 WT Aerodynamic Model 
 
The WT extracts the kinetic energy from the wind and converts it into 
mechanical power to drive the wind generator. As the aim of this study is to 
investigate the interaction between the WG and the host power system, a simplified 
aerodynamic model can therefore be sufficient to reflect the behavior of the wind 
turbine [2]. The DFIG WT aerodynamic torque can be expressed by the following 
formula: 
 2 3                                                       (3.1)1 ,
2w ws p
P R v C    
 
Where Pw is the WT extracted mechanical power from the wind in W, ρ is the 
air density in kg/m3, R is the wind turbine rotor radius in m, ߥ௪௦ is the equivalent 
wind speed in m/s, β is the rotor pitch angle (°) , ߣ ൌ ߱௥ܴ/ߥ௪௦ is the tip speed ratio, 
and Cp is the rotor aerodynamic efficiency. The relation between Cp and the pitch 
angle β and the tip speed ratio λ is given as [10]: 
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     1 8 .42 .1 4, 0 .7 3 1 5 1 0 .5 8 0 .0 0 2 1 3 .2 3 .2ip iC e                               
 
With: 
 31 0 .0 0 31 3 .30 .0 2 1i   
     
 
 
Equation (3.2) implies that pitching the WT blades out of the wind direction 
reduces the efficiency of the WT system. Besides, for a given pitch angle, the 
maximum WT efficiency Cpmax is achieved at a specific tip speed ratio, which is 
known as the optimal tip speed ratio opt. Consequently, for maximizing the WT 
output power at a specific pitch angle, the WT rotor speed is continually adjusted in 
proportion to the wind speed for maintaining the tip speed ratio equal to opt, [8].  
 
Figure 3.2-a illustrates the Cp coefficient variation versus the tip speed ratio 
and the blade pitch angle, whereas the WT power-speed characteristics calculated at 
different wind speeds using the WT parameters listed in Table 3.1 is shown in Figure 
3.2-b.  The maximum WT power trajectory can be obtained by rearranging (3.1) as: 
 
   3_ m ax 3.4t t rP k                                
Where, 
     max3 3.52r pt opt
A RC
k
    
Where, 
߱௥ is the WT rotor speed in rad/s and Ar is the swept area of the WT in m2. 
 
3p torque oscillations are essential parts in the WT aerodynamic model. A 
comprehensive yet pragmatic model of 3p torque oscillations owing to wind shear and 
tower shadow effects for a three-blade WT has been developed in [2], [13] is applied 
in this study.  
Figure 3.3 illustrates the dimensions used for the tower shadow model. 
According to this model, the equivalent wind speed vws is composed of three 
components, namely, the hub height vH, the wind shear veq-WS, and the tower shadow 
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veq-TS wind speeds. Thus, the equivalent wind speed vws is expressed as: 
 
                                               (3.6)ws H eq WS eq TSv v v v     
    
     
2
3
                                   (3.7)
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Where, α is the empirical component of wind shear, H is the rotor hub 
elevation (m), γ is the blade azimuthal angle (°),γb is the azimuthal angle of each blade 
(°),a is the tower radius (m), x is the distance from the tower midline to the blade 
origin (m) and the wind turbine coefficient m is defined as: 
 
      2 21 1 8 3.9m R H     
 
Table 3.1 
Wind turbine parameters 
 
Rated wind speed 11.4 m/s 
WT rated output power 2 MW 
WT rotor radius 40m 
Air density 1.225 kg/m3 
Gear box ratio 87 
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(a) 
 
(b) 
Figure 3.2 Typical WT characteristics: (a) Cp characteristics. (b) Power-speed characteristics. 
 
Figure 3.3 Dimensions used for tower shadow formula. 
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3.2.2 Mechanical Drive-train 
 
In order to obtain accurate response of the WT’s dynamic behavior during 
wind speed vagaries or during grid faults, the WT drive train system must be modeled 
at least as two-mass model which results in a more precise prediction of the influence 
on the host power system [6], [8]. Figure 3.4 demonstrates a schematic diagram for 
the used two-mass mechanical model which is connected by a flexible shaft with 
stiffness Ksh and damping coefficient Dsh. This flexible shaft is considered as a torsion 
spring connected between two masses. One mass depicts the WT inertia Jwt while the 
other mass represents the DFIG inertia Jgen. The high speed shaft is assumed stiff 
while the stiffness and damping aspects are modeled on the low-speed shaft. The 
gear-box is modeled with the exchange ratio 1:Ng.  
 
 
Figure 3.4 Mechanical drive-train two-mass model. 
 
Referring all the terms to the high speed shaft, then the following 
transformations are obtained [8]: 
 3.10wt wt gJ J N   
 2 3.11sh sh gK K N   
 2 3.12sh sh gD D N   
 3.13wt g wtN    
 3.14wt g wtN    
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( )3.15¢ =wt gT T N  
Hence, the WT mechanical drivetrain model can be expressed as: 
     3.16wtwt wt sh wt gen sh wt gendT J D Kdt             
     3.17gengen gen sh gen wt sh gen wtdT J D Kdt             
 3.18wt wtddt
    
 3.19gen genddt
   
     3.20sh sh wt gen sh wt genT D K            
Where, Twt is the torque of the WT rotor; Tsh is the shaft toqure; Tgen is the 
wind generator torque; ωwt is the rotor speed of the WT; ωgen is the rotor speed of the 
wind generator; θwt is the WT angular position. θgen is the angular position of the 
generator. 
The shaft stiffness is equivalent to the high and low speed shaft stiffness: 
( )
21 1 3.21= +¢
g
sh wt g
N
K K K
 
Typically, to capture the maximum energy from the wind, the WT control is 
achieved by driving the wind generator to follow the optimum power-speed 
characteristic trajectory shown in Fig 3.5. Whenever the wind speed is higher than the 
cut-in speed and lower than a minimum speed, minw ci ws wV V V- -  in the zone AB, the 
reference generator rotor speed, r refw - is set to a minimum value of min 0.7rw - = p.u  to 
ensure that the generator slip less than 0.3 [7]. Whereas, in the zone BC where the 
wind speed is higher than a minimum value and lower than the rated speed, 
minw ws w nomV V V- -  , the DFIG is operated in a variable speed mode of operation so as 
to maximize the captured wind energy. Therefore, The DFIG reference rotor speed 
r refw -  is processed via a lookup table (calculated from Fig. 3.2) in order to maintain 
the optimal tip speed ratio λopt. If the wind speed is above the rated value, the 
reference rotor speed is set to the rated value and the BPA control is activated to limit 
the generator rotor over-speed and maintain the captured wind power equal to the 
nominal value. 
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Figure 3.5 Typical characteristics of the DFIG WT: (a) Mechanical 
power versus wind speed. (b) Electrical output power versus rotor speed. 
3.2.3 Blade Pitch Angle BPA Controller 
The blade pitch angle BPA controller behaves as a rotational power limiter to 
prevent overrated power production when the wind speed exceeds the rated value. The 
BPA controller is inactive for wind speeds below the rated value. In this range of 
wind speeds, the extracted aerodynamic power is optimized. This can be achieved 
through regulating the tip speed ratio  to achieve the maximum WT performance 
coefficient Cpmax during which the pitch angle is kept constant (normally zero).  
On contrary, for wind speeds above the normal value, the pitch control is 
activated so as to limit the captured wind power to the rated value through regulating 
the reference rotor speed r refw -  to the rated speed r nomw - . In this case, the WT blades 
are pitched out of the wind speed direction. Being heavy, the WT blades rotation is 
facilitated either by electric or hydraulic servo drive. The pitch servo system is 
modeled as: 
 
   1 3.22ref
servo
d
dt T
     
The servo drive mechanism model accounts for a time constant TServo and the 
limitation of the pitch angle (0 to 35 deg angle limit) with a gradient rate limit           
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(±10 deg/s) [8]. The rate-of-change limitation is crucial during system faults, as it 
implies how fast the aerodynamic power can be reduced in order to prevent the 
generator over-speed. 
 
The BPA control scheme is illustrated in Fig. 3.6. The reference pitch angle 
βref is obtained as the summation of two PI regulators, namely, WT speed regulator 
and aerodynamic limiter. Whenever, the rotor speed and/or the output power overtake 
the rated value, the BPA controller is activated to maintain the rated operation. 
 
 
Figure 3.6 Schematic representation of the BPA control scheme. 
3.2.4 DFIG Wind Generator 
 
Figure 3.7 illustrates the DQ equivalent model of the DFIG. The DFIG RSC is 
controlled in a dq reference frame rotating with the synchronous speed with its d-axis 
aligned with the stator flux vector. The voltage equations of the DFIG generator stator 
and rotor circuits can be expressed using a rotating dq reference frame at synchronous 
speed as [8]: 
1 (3.23)yw y w= - +
ds
ds s ds s qs
b
du R i
dt
 
1 (3.24)
yw y w= + +
qs
qs s qs s ds
b
d
u R i
dt
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1( ) (3.25)yw w y w= - - +
dr
dr r dr s r qr
b
du R i
dt
 
1( ) (3.26)
yw w y w= + - +
qr
qr r qr s r dr
b
d
u R i
dt
 
Where, , , , , , , ,ds qs dr qr ds qs dr qru u u u i i i i and , , ,y y y yds qs dr qr are the dq stator and 
rotor voltages, currents and flux linkages. ,s rR R are stator and rotor windings 
resistances, , ,s r mL L L are stator, rotor and mutual inductances respectively. 
, , ,w w w ws r sl b are stator, rotor, slip and base angular frequencies respectively. 
 
Also, the DFIG electromagnetic torque emT and stator active and reactive 
powers ,s sP Q can be given as: 
3 (3.27)
2
y= mem s qr
s
LT p i
L
 
3 (3.28)
2
=- ms s qr
s
LP u i
L
 
3 3 (3.29)
2 2
y= -s ms s s dr
s s
LQ u u i
L L
 
 
Where, ,ys su are the stator flux and voltage magnitudes, p is the number of 
pole pairs. As implied from (3.28) and (3.29), stator active and reactive powers can be 
dictated via rotor dq currents, ,qr dri i respectively. 
3.3 WTG Control Scheme 
 
This section focuses on the basic DFIG WT control scheme and elaborates the 
proposed adaptive voltage control strategy for the mitigation of the POC voltage 
disturbances. 
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Figure 3.7 Dq DFIG equivalent circuits at a synchronously rotating reference frame. 
 
3.3.1 DFIG Converters Controllers 
 
Vector control techniques have been extensively studied for grid-connected 
DFIG WT systems. Two respective control schemes are employed for the control of 
the back-to-back converters as shown in Fig. 3.8. In order to achieve independent 
control of the exchanged active and reactive power between the GSC and the grid, the 
converter controller (Fig. 3.8-a) is operated in a synchronously rotating reference 
frame with the d-axis aligned with the grid voltage. The vector control of the GSC is 
dedicated to ensure a constant dc-link voltage Vdc irrespective of the transmitted 
power magnitude or direction and meanwhile provides sinusoidal currents [2]. In 
addition, controls the reactive power exchange Qg between the converter and the grid 
side through adjusting Qg-ref to attain UPF or support the voltage during contingencies 
[9]. The objective of the rotor side converter RSC vector control is to provide the 
DFIG with a variable speed operation with decoupled control of stator side active and 
reactive powers. Likewise, to attain independent control of electromagnetic and rotor 
excitation current components, the DFIG is controlled in a stator flux oriented 
reference frame where its d-axis aligned with the stator flux vector. The RSC control 
scheme is depicted in Fig. 3.8-b. The reference stator active power Ps-ref is normally 
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derived from the rotor speed controller. The DFIG reference rotor speed ωr-ref is 
processed via a lookup table in order to ensure the optimal tip speed ratio λopt. 
Normally, grid-side and stator side reactive power set-points Qg-ref ,Qs-ref  are fixed to 
zero to achieve UPF operation.  However, in this study these reference values are 
dispatched through the proposed AVC scheme to continually regulate the POC 
voltage. 
 
Figure 3.8 DFIG converters controllers: (a) GSC controller (b) RSC controller. 
 
3.3.2 Adaptive Voltage Control AVC 
 
In contrast to the operating point, variation of network parameters can 
adversely impact system dynamics [15] - [16]. Few papers address VC issue of WTs 
attached to weak networks with remarkably changing parameters. More specifically, 
Nickolas et.al. in [6] conducted an analytical eigenvalues stability study for a VSWT, 
with back-to-back full power converter attached to a weak network. Additionally, VC 
with modified fixed open-loop gain was suggested to improve the system stability 
under lower SCRs.  Despite the modified control showed enhanced voltage response 
for lower SCR (10 to 4), system robustness to further network parameters 
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deteriorated. Besides, the impact of variable X/R ratio was not investigated.  
 
This chapter presents a proposed adaptive voltage control AVC approach 
reliant on operating condition and network parameters. Although AVC is a pure 
control method which will not increase the system cost compared to conventional 
control techniques, however, its technical performance is superior. The latter can be 
attributed to the fact that AVC can adjust controller performance according to the grid 
strength and WT output power which assures keeping the POC voltage within 
allowable limits especially during very weak conditions. The proposed AVC scheme 
is demonstrated in Fig. 3.9. The reference reactive power demand Qt-ref is derived via 
the deviation from a reference voltage set-point Vpoc-ref.  
Basically, the priority of the reactive power compensation is devoted to the 
DFIG Qs followed by the GSC contribution Qg when Qs attains the operational limit. 
Furthermore, The DFIG Qs and GSC Qg are dispatched according to Qt-ref and the 
DFIG capacity limit which will be discussed later. The system parameters are 
assumed to be measurable. The reactive power distribution of the whole DFIG system 
with the over-sized GSC under entire range of network parameters is explored here. 
Moreover, the significance of the proposed AVC under variable wind speed is also 
presented. 
To increase the system stability and enhance the VC performance especially 
for very weak conditions, the open loop gain ks will be constantly adjusted in order to 
optimize the VC.  To ensure that the overall system performance is compromised for 
the typical range of network parameters, the rewarded AVC would mimic the latent 
behavior of the system. 
The AVC open loop gain ks would thus be scheduled according to the formula: 
( ) ( )0                            (3.30). .= +s t eq eq eq eqk k P X R R X p u  
Where k0 is a design factor which can be selected to optimize the AVC. The 
significance of the selected adaptive gain ks formula can be inferred from (2.4)-(2.5) 
where the VC can be reluctant to the change of the system variants, i.e., Pt, Req, Xeq 
(which significantly affect the performance of the VC) through adjusting the reference 
compensated reactive power Qt in such a way to minimize the impacts of the terms
,+ -t eq t eq t eq t eqPR Q X P X Q R , for the entire range of network parameters so that the 
level of POC voltage variation is minimized, viz: 
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2                                                   (3.31)0.5  and V V» »n poc nA V  
In this sense, the reactive power set-point Qt-ref constantly responds according 
to these variations to smooth the POC voltage under all conceivable operating 
conditions. To further increase the system robustness against system parameters 
change, a differential gain kd is adaptively designed as: 
                                                               (3.32)d sk k k  
Where k is a design factor. Additionally, the differential term includes filtering 
in order to suppress high-frequency noise extension [5].  
 
 
Figure 3.9 Proposed AVC strategy. 
 
3.3.3 Reactive Power Dispatch 
 
A proposed reactive power dispatch strategy to manage reactive power 
coordination between the DFIG Qs and the GSC Qg is illustrated in the flowchart 
shown in Fig. 3.10. Have the POC voltage deviates from the reference set-point, the 
VC correspondingly adapts the reactive power Qt-ref to regulate the voltage. This 
reactive power is compensated through the DFIG Qs which is processed via the RSC 
Q-control as long as it lies within DFIG reactive power capacity, i.e.,                       
Qsa-max ≤ Qt-ref ≤ Qsg-max. On the other hand, if the POC voltage overtakes the allowable 
margins –5% ~ +5% and meanwhile Qt-ref exceeds the DFIG Qs limits identified in 
chapter 2, the excess reactive power is dictated by the GSC Qg while the DFIG Qs is 
accordingly set to the maximum absorption or injection capacity, Qsa-max, Qsg-max 
respectively to benefit the DFIG reactive power and optimize the GSC size. 
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To verify the effectiveness of the adaptive control terms embedded in the AVC 
scheme, the system of Fig. 3.1 is examined at very weak grid condition, i.e., SCR of 1 
and X/R of 0.5 with sporadically wind speed profile. A 10 m/s average wind speed 
with 0.1 turbulence intensity is used which is the highest given by WT manufacturer 
IEC flicker test [1]. The 3p oscillation model of [2] is also employed. As the WT 
rotational speed varies, the 3p oscillations frequency would correspondingly change. 
Fig. 3.10 shows the POC voltage response under three distinct control aspects, ‘CVC’ 
for conventional (PI) voltage control, ‘AVC-WOD’ for adaptive voltage control 
without differential term (ks only) while ‘AVC’ signifies adaptive voltage control  (ks, 
kd).  
Compared to CVC, the AVC scheme with two adaptive parts effectively 
alleviates the POC voltage fluctuations particularly at higher wind speed conditions 
(higher WT output power). Also, for low to moderate wind speeds, the AVC 
satisfactorily suppresses 3p voltage oscillations.  Furthermore, the adaptive 
differential term contributes to further damped performance. 
 
3.4 Results and Discussions 
 
The following section provides a set of case studies to investigate the detailed 
test system performance under stochastic wind speed. Moreover, the AVC 
effectiveness is also studied under different network parameters. 
 
3.4.1 System Response under Stochastic Wind Speed 
 
To assess the control system performance for the VSWT concept with DFIG, a 
set of case studies with stochastic wind speed with turbulence, wind shear and tower 
shadow effects are performed. Based on this approach, the control system parameters 
can be designed and optimized and also to evaluate the model under different 
operating conditions [10]. 
In the following, DFIG system performance is investigated under a stochastic 
wind speed with a mean value of 9 and 12 m/s. Figure 3.12 shows the DFIG WT 
output results for a fluctuating wind speed with a mean value of 9 m/s and turbulence 
intensity 10%. While the DFIG adapts to capture the maximum power out of the 
wind, the blade pitch angle is kept to zero. The DFIG rotor speed and the delivered 
active power are tracking the wind speed slow variations.  
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Figure 3.10 Flowchart for reactive power dispatch. 
 
Figure 3.11 POC Voltage response: (a) Wind speed (b) POC Voltage. 
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Figure 3.13 depicts the DFIG WT response for a fluctuating wind speed with a 
mean value of 13 m/s and turbulence intensity 10%. When the wind speed exceeds its 
rated value, the pitch controller mechanism is activated (Fig. 3.13-b) and the output 
active power is limited to the rated value (Fig. 3.13-c). It can be seen from Fig. 3.13-d 
that small dynamic variations of the generator speed above the rated value is 
permitted in order to absorb the wind gusts and accordingly reduces the drive-train 
mechanical stress of the DFIG WT. 
 
3.4.2 Verification of Analytical Study 
 
In order to verify the analytical steady-state study of the simplified system 
presented in chapter 2 compared to the detailed simulation model, Fig 3.14 is 
presented. Equation (2.15) obtained from the analytical study is used to represent the 
POC voltage behavior for a long-term variable speed as that in Fig. 3.11 at rated WT 
output power and unity power factor scenario for grid SCR=1, X/R=0.5. Besides, the 
simulation model does not employ voltage control/reactive power compensation. As 
seen from Fig. 3.14, that the POC voltage analytical model conforms to that of the 
detailed model which verify the accuracy of the analytical study. Consequently, such 
analytical study can be readily applied to other WECS configurations after 
considering its active/reactive power capacity. 
 
Figure 3.12 DFIG WT with a stochastic wind speed of 9 m/s mean value:                 
(a) Wind speed (b) Pitch angle (c) Active power (d) Rotor speed. 
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Figure 3.13 DFIG WT with a stochastic wind speed of 13 m/s mean value:               
(a) Wind speed (b) Pitch angle (c) Active power (d) Rotor speed. 
 
Figure 3.14 POC voltage response for SCR=1, X/R=0.5. 
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3.4.3 Effectiveness of AVC Strategy 
 
To verify the significance and robustness of the proposed AVC, a detailed 
system model in MATLAB/SIMULINK software environment is implemented while 
the test system is examined at wide range of SCR and X/R variations. The hardware 
specifications of the computer used to conduct the study is Intel (R) Xeon (R) CPU 
E5-2650 v2@2.6 GHz with 64 GB installed memory. The 2 MW DFIG WT test 
system parameters are listed in Appendix C.  
Figure 3.15 illustrates a long-term system response to a very weak grid 
condition which corresponds to SCR of 1 and X/R of 0.5. As it shows, POC voltage 
fluctuations are induced due to the high network impedance, wind speed variations 
and also 3p oscillations. Consequently, higher reactive power absorption Qt is 
required in this case to compensate the voltage. Being over the DFIG Qs capacity, Qt 
can be fully compensated by virtue of an over-sized GSC which can absorb a 
maximum Qg of 0.17 p.u. to regulate the voltage while the DFIG Qs is attaining the 
maximum permissible absorption capacity Qsa-max. Normally, GSC is rated at 25% of 
the DFIG rated power (0.5 MVA). Yet, 6% overrated GSC (0.53 MVA rating) is 
adequate in this case to drive the POC voltage within safe limits.  
Being acting on minifying the impact of system variants change to counteract 
voltage variations, the AVC scheme causes minimal voltage oscillations with better 
damped performance compared to CVC as depicted in Fig. 3.15 particularly for high 
wind speed due to high WT output power which contributes to higher voltage 
fluctuations. The significant CVC oscillations are accordingly reflected on the system 
reactive power as depicted from Qt, Qs and Qg waveforms.  
Besides, the system is examined at another weak network condition with SCR 
of 2 and X/R of 0.7 and the relevant results are demonstrated in Fig. 3.16. As 
mentioned before in chapter 2, the demanded reactive power Qt becomes more 
sensitive to the voltage deviation the higher the SCR. Therefore, Qt =0.63 p.u. is 
essential to adjust the voltage which is beyond the DFIG Qs capability. Hence, a GSC 
with Qg = 0.26 p.u. (0.66 MVA rating) can absorb the deficit reactive power, as seen 
in Fig. 3.16. Moreover, the AVC provides higher voltage fluctuation mitigation 
capability which is also reflected on the DFIG Qs signal as seen in the depicted figure.  
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Figure 3.17 shows the system response for SCR of 7 and X/R of 5. As the 
network features an inductive characteristic (higher X/R), less amount of reactive 
power can regulate the voltage which can be fully dictated by the DFIG Qs.  
 
Compared to the former case, the system requires less Qt in case of SCR and 
X/R of 10 (relatively strong network) as depicted in Fig. 3.18. In this manner, DFIG 
releases Qs =0.022 p.u.  to ensure voltage constancy. Despite, the relatively strong 
network conditions (Figs. 3.17-18), the AVC preserves satisfactory performance and 
enhanced POC voltage profile. 
 
Figure 3.15 Long-term view of system response, SCR=1, X/R = 0.5: 
(a) wind speed (b) POC voltage (c) total reactive power (d) stator side reactive 
power (e) GSC reactive power (f) AVC gain ks. 
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Figure 3.16 Long-term view of system response, SCR=2, X/R = 0.7: (a) wind speed 
(b) POC voltage (c) total reactive power (d) stator side reactive power (e) GSC 
reactive power (f) AVC gain ks. 
 
Figure 3.17 Long-term view of system response, SCR=7, X/R = 5: (a) wind speed 
(b) POC voltage (c) total reactive power (d) stator side reactive power (e) GSC 
reactive power (f) AVC gain ks. 
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Figure 3.18 Long-term view of system response, SCR= X/R = 10: 
(a) wind speed (b) POC voltage (c) total reactive power (d) stator side reactive 
power (e) GSC reactive power (f) AVC gain ks. 
3.4.4 Safe Operation Zones 
To further evaluate the effectiveness of the proposed AVC strategy, the safe 
operation zones are investigated under various conditions, as shown in Fig. 3.19. The 
safe operation zones are examined under variable wind speed profile as that in        
Fig. 3.11-a. Furthermore, the examination is carried out for the entire range of SCR 
and X/R variations. Note that the safe regions are shown only for X/R from 0.5 to 1.0 
which denotes the worst conditions whilst, the study has been carried out for the X/R 
range from 0.5 to 10. In the shown figures, the white-colored regions refer to 
scenarios with safe operation i.e., the POC voltage is maintained within acceptable 
limits, ±5% while the grey-colored ones signify the voltage violation scenarios.  
The obtained results are carried out by executing numerous simulations to the 
system of Fig 3.1 using the proposed AVC strategy. Besides, for the shown figure, the 
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adopted X/R ratio step change is 0.1. As it shows, at a given SCR, the operation 
regions incur insecure areas particularly at very low X/R ratio and higher output 
power. This is because the higher output power provokes larger voltage deviations 
which make the demanded reactive power more vulnerable to the voltage variations 
especially at very low X/R ratios.  
It is worth mentioning that the GSC is additionally overrated to Qg = 0.38 p.u. 
(0.86 MVA rating) to tackle the voltage swell for the entire range of SCR with the 
lowest X/R ratio of 0.5. Subsequently, the POC voltage profile associated with this 
investigation with the eventual GSC rating is demonstrated in Fig. 3.20.  
 
According to the analytical study conducted in chapter 2, it has been deduced 
that at very lower SCR and X/R, DFIG requires a certain amount of reactive power to 
counteract the voltage deviation. This amount of reactive power increases with the 
SCR at a specific X/R ratio. However, a network with higher SCR is unlikely cause 
larger voltage perturbation.  
 
From Fig 3.19, At SCR=1“high network impedance”, a significant reactive 
power drawn by the WT ensures safe operation. However, the voltage exceeds the 
allowable margin for 2≤SCR≤4 as a result of the DFIG and GSC reactive power 
limitation with maximum voltage detected of 1.066 p.u. at SCR of 3 The 
corresponding maximum voltage values are tabulated in Table 3.2.  
 
Hence, it can be concluded that for the range 2≤SCR≤4 (with unsafe zones), 
the grid is more sensitive to voltage deviation and thus requires higher amount of 
reactive power regulation. Additionally, the maximum sensitivity occurs at SCR=3 
which causes maximum detected voltage as depicted in Fig 3.20. Furthermore, the 
voltage swell decreases again with higher SCR ‘lower impedance’. Therefore, For 
SCR≥5 even with X/R = 0.5, safe operation is ensured. 
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Figure 3.19 Safe operation zones for the entire range of network parameters. 
 
Table 3.2 
Maximum detected POC voltage 
SCR 2 3 4 5 
Vmax (p.u.) 1.054 1.066 1.057 1.048 
 
Figure 3.20 POC voltage response with the eventual GSC rating for X/R of 0.5. 
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3.4.5 Reactive Power Sharing  
 
In order to demonstrate the actual reactive power demand to regulate the 
voltage for the entire range of network parameters and also the sharing among the 
DFIG Qs and the GSC Qg with the AVC scheme, Fig. 3.21 is presented. The figure 
depicts the maximum reactive power dictated by Qs and/or Qg to compensate the 
voltage in response to the reactive power dispatch under different network parameters 
and wind speed. The results conform to that in the analytical study (chapter 2), as 
larger reactive power is essential to compensate the voltage at very low X/R ratios 
which necessitates additional GSC Qg contribution.  
 
Except for some specific conditions such as very low X/R ratios (0.5 to 1), the 
DFIG can effectively regulate the voltage with the inherent reactive power. 
Accordingly, the GSC effectively manipulates the reactive power deficit at very low 
X/R ratios to maintain the voltage as can be seen from the figure. 
 
 
 
Figure 3.21 Reactive power contributions of the DFIG and GSC for the entire range 
of network parameters. 
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3.5 Summary 
 
An AVC strategy for a DFIG variable-speed wind turbine connected to widely 
varying weak network parameters has been presented in this chapter. A proposed 
reactive power sharing strategy to manage the reactive power flow from/to the DFIG 
is also presented. Intensive simulation case studies have been carried out to verify the 
effectiveness of the proposed AVC scheme. The AVC strategy showed pronounced 
mitigation capability with better damped performance particularly at very weak grid 
condition. 
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Chapter 4 
 
Fault Ride-through FRT Response for DFIG WT Connected to a Stiff Network 
 
This chapter presents a new decentralized control strategy for a Doubly-fed 
Induction generator wind turbine, DFIG WT connected to a stiff network considering 
the Danish grid code requirements. A nonlinear controller is adopted for the grid side 
converter, GSC, to ensure decoupled control of the DC link voltage and the reactive 
power, and counteract the DC link voltage run-away. Moreover, the GSC is dedicated 
to inject more reactive power during voltage dips to satisfy the grid code reactive 
power support obligation. A conventional PI controller is devoted to control the rotor 
side converter, RSC, with additional compensation terms to reduce the rotor over-
speed, and limit the rotor and stator large transient currents. A diverse set of 
symmetrical and asymmetrical voltage excursions are investigated to evaluate the 
effectiveness of the proposed method using MATLAB/SIMULINK environment.  
 
4.1 Introduction 
 
According to the modern grid codes, newly installed wind turbines must 
provide higher fault ride-through (FRT) capability against various faults and 
meanwhile support the power system. Grid support during contingencies is inevitable 
otherwise tripping of large WPPs during system faults would result in significant loss 
of power supply which can seriously affect system stability and reliability.  
 
Recently, variable-speed wind turbine based Doubly-fed Induction generator is 
the most commonly used wind turbine technology in large WPPs, e.g., the Danish 
offshore wind farm Horns Rev [2]. This is mainly due to the rotor circuit partial scale 
converters compared to the full scale converters concept (type D) which is considered 
as a main financial aspect. Such converters offer a potential control which can be 
exploited in FRT and grid support purposes. Despite the financial advantage, partial 
scale converters require careful protection against system faults which typically 
results in remarkable over currents and overvoltage as well [3]-[6].  
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Generally speaking, two main drawbacks are reported in the literature for the 
DFIG operation during faults which are the higher transient stator and rotor currents at 
the instant of a fault as well as DC link overvoltage due to the incapability of the grid 
side converter, GSC to transmit the rotor circuit power [3]-[8].  
Traditionally, a crowbar is inserted in the rotor circuit and activated during 
faulty conditions to address the aforementioned shortcomings. However, once the 
crowbar is activated, the rotor side converter, RSC is disabled and its control is 
temporarily lost, meanwhile the machine behaves as an induction motor drawing 
higher reactive power [8]. Advanced control strategies for DFIG have proven to be 
the optimal solution to ride-through the DFIG drawbacks during faults [2]-[8]. In the 
literature, significant focus was given to FRT against symmetrical faults only while 
investigation of DFIG support capability against asymmetrical faults was not 
sufficient.  
This chapter presents a new decentralized control strategy for the control of a 
DFIG WT connected to a stiff network to ride-through different disturbances as well 
as to fulfill the Danish grid code commitments as an example. A nonlinear feedback 
controller is proposed for the GSC to achieve independent control between the DC 
link voltage and the reactive power, suppress the DC voltage fluctuations and 
concurrently inject reactive power during contingencies to fulfil the reactive power 
support requirement. Additional proposed terms are incorporated with the 
conventional PI controller of the RSC, with the target of reducing the rotor and stator 
currents during faulty conditions and limiting the rotor over-speed as well. 
 
4.2 DFIG Dynamic Response during Faults 
Figure 4.1 demonstrates a schematic representation of a DFIG wind turbine 
connected to a stiff grid through 20 km double transmission line. The system 
comprises a 2 MW DFIG WT. The WT -represented with the rotor as a two mass 
model- is operated according to the well-known maximum power point tracking, 
MPPT to extract the maximum available power at each wind speed below the rated 
value and holds a constant power over the rated wind speed. The DFIG rotor speed is 
controlled via the pitch angle controller having a structure as earlier in chapter 3. The 
DFIG is connected to the ac system through two PWM back-to-back AC-DC-AC 
partial converters and a coupling transformer. The transmission line is attached to the 
main grid through a high voltage transformer. 
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Figure 4.1 Schematic representation of the DFIG WT grid connected system. 
 
 
4.2.1 Grid Side Converter GSC 
 
 
Considering the grid side converter GSC connected to the ac grid as shown in 
Fig 4.1, the voltage at the GSC terminals can be expressed as: 
 ( )4.1= + +abcgabc f abc f cabcdiv R i L vdt  
The model of the GSC in a dq reference frame whose d-axis is aligned with 
the grid voltage vector is described by the following set of differential equations: 
( ) ( )1 4.2w= - + + -dg f dg g qg dg dc
f f
di R
i i v v
dt L L
         
( ) ( )1 4.3w= - - + -qg f qg g dg qg qc
f f
d i R
i i v v
dt L L
            
Where, subscripts, v,i,ω, signify voltage, current, and angular speed. 
Subscripts, g,c refer to grid and converter sides. Indexes d,q stand for direct and 
quadrature axes of dq reference frame. Rf,Lf refer to resistance and inductance of the 
GSC interface reactor. 
The active and reactive power exchange between the GSC and the grid can be 
formulated as: 
   3 4.42g dg dg qg qgP v i v i                            
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   3 4.52g qg dg dg qgQ v i v i                            
As the d-axis of the dq reference frame is aligned with the grid voltage, it 
follows that: 
 ( ), 0 4.6= =dg g qgv V v  
It follows that the exchanged active and reactive power are simplified to: 
 3 4.7
2g dg dg
P v i                           
( )3 4.8
2
= -g dg qgQ v i    
As seen from (4.7), (4.8), active and reactive powers can be independently 
controlled via acting on active and reactive power current components, idg,iqg 
respectively. 
 
4.2.1.1 Conventional GSC Controller 
 
The GSC controller is devoted to regulate the DC link voltage, Vdc and control 
the reactive power flow between the GSC and the grid Qg. Under normal conditions, 
the GSC usually operates with a unity power factor by regulating Qg to zero. The DC 
link voltage and reactive power are controlled via regulating the grid side converter 
current components idg,iqg respectively. The output of the control loops is the GSC 
reference voltage 
gabc ref
v - . The GSC conventional control strategy is illustrated in Fig. 
4.2.  
Subsequent to a fault, a large transient rotor current will flow and a surplus 
rotor power as well which need to be transmitted by the GSC. Nonetheless, due to the 
lack of sufficient ac voltage at the GSC terminals, the DC link voltage rises quickly 
[5]. Also, the more the GSC is incapable of transmitting the power to/from the grid, 
the higher the GSC current, which can be destructive to the converter switches. To 
overcome this shortcoming, a faster GSC control method with higher ability to 
decouple the GSC control variables should be employed, which is elaborated next. 
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Figure 4.2 GSC conventional control strategy. 
 
 
4.2.1.2 Proposed GSC Nonlinear Controller 
 
The conventional PI controllers suffer poor and sluggish response especially 
during transients due to the coupling among its control loops [3]. This coupling makes 
the control loops of PI controllers highly interactive. Nonlinear feedback linearization 
controller has been introduced to improve the system transient performance. As 
noticed from (4.2), (4.3), a coupling between active and reactive current components 
equations exists although the model is translated into rotating reference frame. 
Accordingly, nonlinear state feedback type control scheme is introduced to provide 
decoupling and linearized relation between the system control variables which renders 
fast and improved performance especially during transients. The nonlinear feedback 
control is proposed to ensure better transient performance and decoupled control 
between the DC link voltage and the reactive power. Figure 4.3 shows a block 
diagram of the proposed nonlinear control strategy.  
 
Similar to the conventional GSC controller, the output of the nonlinear control 
loops is the GSC reference voltage
gabc ref
v - .  Figure 4.3 illustrates the GSC proposed 
nonlinear control scheme. The input variables of the nonlinear controller are defined 
as: 
( )1 2, 4.9= =dc gy V y Q                              
Chapter 4     Fault Ride-through FRT Response for DFIG WT Connected to a Stiff Network 
75 
 
The DC link dynamics can be described by: 
   1 1 4.10dcg dcr
dc
y i i
C
                               
Assuming lossless GSC,  
( )4.11= = -dc dc dcg g fP V i P P                            
Where, 
Cdc,idcg,idcr are the DC link capacitance and currents respectively (see Fig 4.3). 
Pdc,Pf are the DC link transmitted power and the power loss through the interface 
reactor connecting the GSC to the grid respectively. To achieve linearization between 
the control algorithm inputs and outputs, “(4.9)”, is to be differentiated till a direct 
relationship between them is obtained as: 
 
( )11 2
32 4
0
4.12
0
é ùé ùé ù é ùê úê úê ú ê ú= +ê úê úê ú ê úë û ë ûë û ë û


dc
qc
vAy A
vAy A
                     
Where, 
( )1 33 4.132= - +
f
dg dg
f dc dc f dc dc
R
A v i
L C V L C V
 
( )
2
2 2
2
3 3 33 3
4.14
2 2
3 1
w w= - + + - +
- -
f f g f g qg
dg g g dg dg qg qg
f dc dc f dc dc dc dc f dc dc dc dc dc dc
f qg
qg
dc d
d r
c dc
c
R R R di
A i P Q v i i v
L C V L C V C V L C V C V C V
R di dii
C
dt
d dtV Ct
 
( )3 3 4.152=- dgfA vL  
( )4 4.32 16
3
2
w= - - +f dgdg qg g g g qg
f f
R dv
A v v P Q i
dtL L
 
To obtain linear decoupled relationship with good tracking performance even 
with parameter uncertainty, ,dc ref qc refv v- - are expressed as [9]: 
( ) ( )1 1 2 1 3 1 1 2
1
1 4.17-
*= + + + -ò  dc ref k e k e dt k e y Av A       
( ) ( )*4 2 5 2 2 4
3
1 4.18- = + + -ò qc refv k e k e dt y AA                        
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Where, 
 ( )* *1 1 1 2 2 2,  4.19= - = -y y ye ey  
Substituting, (4.17), (4.18) into (4.12), yields a decoupled system error model 
as: 
( )1 3 1 1 21 1 0 4.20+ + + =  e k k e k ee  
( )2 4 2 5 2 0 4.21+ + =e k e k e  
Where, ki (i=1,2,3,4,5) are design control gains which can be selected to 
optimize the controller performance. 
 
 
Figure 4.3 Proposed nonlinear control scheme for GSC 
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4.2.2 Rotor Side Converter RSC  
 
The control structure of the RSC side is as shown in Fig. 4.3. The RSC control 
strategy is implemented in a synchronous reference frame with the d-axis oriented 
with the DFIG stator voltage [10]. The RSC is dedicated to ensure decoupled control 
of stator side active and reactive powers and also to provide the DFIG with a variable 
speed operation (±30% speed range). The stator active and reactive powers,Ps,Qs are 
controlled via controlling the rotor side current components,idr,iqr respectively. The 
output of the control loops is the RSC input voltage, 
rabc ref
v - . During normal 
operation, the DFIG is controlled to achieve variable speed operation according to the 
MPPT while absorbing the required excitation 
sn ref
Q -  from the reactive power control 
loop [10].   
According to the Danish grid code, the supply of reactive power has the first 
priority in area B over the active power supply (see Fig. 1.9). However, a suitable 
margin of active power must be retained in proportion to the voltage dip magnitude 
[11]. Therefore, once a faulty condition is detected, the MPPT is deactivated and the 
active power is kept to a minimum value to help suppress rotor and stator currents as 
well as to limit rotor over-speed. Furthermore, the RSC controller can contribute to 
additional reactive power support with the remnant reactive current to satisfy the 
reactive power support criterion. 
 
Figure 4.4 RSC control strategy. 
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4.3 Results and Discussions 
To investigate the DFIG dynamic performance under different operating 
conditions, a set of case studies are performed for the system under study shown in 
Fig. 4.1. The system is simulated in the MATLAB/SIMULINK environment using 
SimPowerSystems toolbox and Simulink for system modeling and simulation. The 
system parameters are listed in Appendix C. The case studies are carried out at the 
nominal wind speed of the WT (11.4 m/s). Among the different simulation tests, 
certain safe limits (marked with dashed lines in the output results) are imposed on the 
system variables for protection purpose.  
 
4.3.1 LVRT and Grid Code Compliance 
 
 
The system response to a three-phase fault in the middle of one of the 
transmission lines (see Fig. 4.1) with duration of 0.5 s is illustrated in Fig. 4.5. The 
fault results in stator voltage dip close to 0.2 p.u (Fig. 4.5-a). At the instant of voltage 
dip, higher stator and rotor currents are noticed as in Fig. 4.5-b,c. Owing to the abrupt 
increase of the rotor current, the rotor power which is fed to the GSC through the DC 
link simultaneously increases, which causes higher DC voltage oscillations due to 
lower ac voltage at the GSC terminals. 
Higher DC voltage fluctuation in case of the conventional controller is 
recorded in Fig. 4.5-e compared to that of the proposed controller. This can be 
attributed to the fast injection of reactive power (Fig. 4.5-g) which contributes to 
supporting the ac voltage and consequently transporting more power through the 
GSC, and eventually results in relieving the DC voltage fluctuations. 
Since the voltage drop impedes transferring all the wind mechanical power, 
the mismatch between the electromagnetic and mechanical torques results in rotor 
over-speed [7], as in Fig. 4.5-d but remains within the allowed limit. The active power 
in Fig. 4.5-f is reduced at the fault instant to a minimum value to limit the rotor over-
speed and the system currents.  
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Figure 4.5 Response of the DFIG WT system to a three-phase fault: (a) DFIG stator voltage 
(b) Stator current (c) Rotor current (d) DFIG rotor speed (e) DC link voltage (f) Delivered 
active power (g) Delivered reactive power. 
 
4.3.2 Asymmetrical Faults Response 
 
Asymmetrical faults are recurring and lead to negative sequence currents of 
double frequencies which usually accompanied with higher oscillations that propagate 
in the DC link and may cause transient overvoltage [6]. The system responses to a 
single phase-to-ground and phase-to-phase faults are shown in Figs. 4.6,4.7 
respectively. The faults occur at t = 0.5 s and cleared 150 ms later and cause 58% and 
37% voltage dip respectively. It is obvious that double frequency component due to 
negative sequence currents is superimposed on the DC link voltage waveform as seen 
in Figs. 4.6-e, 4.7-e.  
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Comparing the results, it can be concluded that the phase-to-phase fault is 
severer as it causes higher voltage drop. Accordingly, higher DC link oscillations 
close to the limit are depicted in Fig. 4.7-e. |Besides, the proposed controller is 
superior to its counterpart in both cases as it encounters lower overshoots, shorter 
settling time with damped performance. The rotor speed, stator and rotor currents are 
maintained below the limit in both methods. 
 
4.3.3 HVRT Response 
 
To validate the HVRT requirement of the Danish grid code, a double-open 
circuit fault at the point of common connection POC for 200 ms is applied and the 
obtained results are shown in Fig. 4.8. The stator voltage magnitude (Fig. 4.8-b) 
fluctuates during the fault and even exceeds the Danish grid code limit (1.2 p.u.). At 
the fault onset, the delivered active power rises which in turn increases the power fed 
to the GSC and thus leads to higher DC voltage oscillations. The DC link voltage in 
case of conventional controller violates the limit. To counteract the voltage swell, the 
stator and rotor currents start to decrease to render the active power constant while the 
active power fluctuates around the nominal value. Compared with the conventional 
controller, the proposed controller has a higher capability to overcome the voltage 
swell and significant better damped transient performance. 
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Figure 4.6 Response of the DFIG WT system to a single-phase to ground fault (a) DFIG stator 
voltage (b) Stator current (c) Rotor current (d) Rotor speed (e) DC link voltage (f) Delivered 
active power (g) Delivered reactive power. 
 
Figure 4.7 Response of the DFIG WT system to a phase-to-phase fault: (a) DFIG stator 
voltage (b) Stator current (c) Rotor current (d) DFIG rotor speed (e) DC link voltage (f) 
Delivered active power (g) Delivered reactive power. 
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Figure 4.8 Response of the DFIG WT system to a double open circuit fault at the POC: (a) 
DFIG stator voltage (b) Stator voltage magnitude (c) Stator current (d) Rotor current (e) DFIG 
rotor speed (f) DC link voltage (g) Delivered active power (h) Delivered reactive power. 
4.4 Summary  
In this chapter, the dynamic behavior of a DFIG WT connected to a stiff 
network during system faults has been investigated. A nonlinear controller has been 
presented for the GSC to achieve high dynamic performance, decoupled control 
between the DC link voltage and reactive power and meanwhile injects reactive 
power during voltage dips to support the system voltage.  
Additionally, the obtained output results reveal fast response with high 
dynamic performance for a wide range of operating conditions and assure the FRT 
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capability of the proposed control strategy in compliance with the Danish grid code 
without additional hardware circuits. 
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Chapter 5 
 
Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network 
 
An enhanced coordinated low voltage ride-through, LVRT, control strategy for 
a Doubly-fed Induction generator (DFIG)-based wind energy conversion system, 
WECS, connected to a weak grid is presented in this chapter. The compliance with the 
grid code commitments is also considered. A proposed decoupled double synchronous 
reference frame (DDSRF) current controller is adopted for the design of grid side 
converter, GSC, controller to counteract current oscillations during asymmetrical 
faults and tackle the DC link voltage run-away. For a precise detection of the grid 
voltage position even under severe voltage dips/unbalanced conditions, A DDSRF-
PLL is proposed and analyzed to extract clean synchronization signal in order to 
improve the overall system performance. Moreover, a fast decomposition based 
positive and negative sequence algorithm is utilized for rapid fault detection and to 
engage the LVRT protection scheme. Furthermore, additional compensation terms 
are incorporated with the traditional GSC and rotor side converter, RSC, controllers 
to effectively suppress rotor as well as stator currents and meanwhile regulate the 
rotor speed. A diverse set of voltage excursions are conducted to evaluate the 
effectiveness of the proposed control strategy using MATLAB/SIMULINK platform. 
 
5.1 Introduction 
 
Various technical challenges impede the successful integration of wind power 
into weak power systems. Due to the anticipated integration of more wind energy all 
over the world, it’s expected that the short circuit capacity of power systems will 
decrease. The increasing integration of renewable energy sources RES into the power 
systems has resulted in the development of new grid codes devoted to ensure a proper 
performance under normal as well as abnormal grid conditions [1]. Safety, reliability 
and efficiency and are now becoming the targets of the control techniques developed 
by researchers and engineers for the related RES. More specifically, low voltage ride-
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through LVRT capability of wind energy conversion systems WECS and the 
associated control of its power converters are one of the most challenging issues to be 
improved [2].  
In the literature, most of the work about fault ride through FRT of WECS is 
related to symmetrical grid voltage sags. However, more than 90% of the grid faults 
lead to asymmetrical voltage excursions with positive and negative sequence 
components [3],[4]. Unbalanced system voltages can readily generate heating in the 
WECS generator windings resulting in sustained toque oscillations, and unwanted 
mechanical vibrations [5]. Additionally, the unbalanced grid voltages can give rise to 
uncontrolled oscillations in the delivered active and reactive power [6].  
Though this effect can be mitigated via injecting reference unbalanced 
currents, this objective cannot be accurately implemented using the traditional 
synchronous reference frame SRF dq current controllers which render deficient 
performance during unbalanced utility conditions [2], [7]. 
According to some grid codes requirements, WPP has to provide voltage 
support capability even with zero voltage dip during a system fault [5]. However, the 
detection of the grid voltage vector position required for the relevant dq 
transformations and the control algorithms can be challenging in this case. SRF phase-
locked loop PLL, are the most intensively used technique for detecting the magnitude 
and position of the positive-sequence grid voltage [8]. However, its performance 
during unbalanced utility conditions is poor even with reduced band width.  
In this chapter, an improved coordinated fault ride-through FRT control 
strategy for a doubly fed induction generator DFIG based wind turbine, WT, 
connected to weak grid is presented. Two different techniques for grid 
synchronization against voltage excursions, i.e., a Dual Second Order Generalized 
Integrator – Frequency Locked Loop DSOGI-FLL and a decoupled double 
synchronous reference frame DDSRF based phase-locked loop, DDSRF-PLL are 
utilized to extract a robust grid voltage synchronization signal irrespective of the 
mains condition to enhance the overall system performance. Besides, a decoupled 
double synchronous reference frame DDSRF dq current controller is devoted for the 
grid side converter, GSC, controller to counteract current ripples and tackle the DC 
link voltage fluctuations. Also, a reactive power support scheme to manage the DFIG 
reactive power during contingencies and fulfil the grid codes obligations is presented. 
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Moreover, additional control terms are employed with the DFIG converters 
controllers to counteract rotor as well as stator currents and regulate the rotor speed. 
5.2 Grid Synchronization 
 
This section provides conventional as well as advanced synchronization 
detection techniques used for the orientation of the dq reference frames with the grid 
voltage so that system converter controllers can function properly during normal and 
abnormal grid conditions. 
 
5.2.1 SRF-PLL Grid Synchronization 
 
Among the different aspects for the control of the grid connected converters, is 
the exact synchronization with the utility voltage. Phase Locked Loop (PLL) based 
synchronous reference frame (SRF-PLL) is the most intensively used technique for 
detecting the magnitude and position of the positive-sequence grid voltage [8]. The 
basic structure of SRF-PLL is shown in Fig. 5.1.  
 
The SRF-PLL translates the three phase system voltage from the abc reference 
frame into rotating dq reference frame using Park’s transformation. The dq reference 
frame angular position s is obtained through regulating the voltage q-component to 
zero [9]. This estimated phase angle is necessary for the dq transformations in order to 
implement the control algorithms, obtain active and reactive current components and 
generate the required voltages at the output terminals of the power converters. The d-
component depicts the amplitude of the positive sequence component of the system 
voltage. 
The system voltage dq components using Park’s transformation are expressed 
as: 
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Despite its good behavior under normal conditions, SRF-PLL provides poor 
dynamic response under unbalanced grid conditions even with reduced bandwidth    
[8] - [11]. 
 
 
 
Figure 5.1 SRF-PLL structure. 
 
5.2.2 DDSRF-PLL Grid Synchronization 
 
Decoupled double synchronous reference frame (DDSRF) based PLL is an 
improved grid synchronization technique that uses two synchronous reference frames 
rotating with positive and negative synchronous speeds. The purpose of this technique 
is to decouple the effect of negative sequence component- which is typically existed 
during unbalanced system voltage- from the detected dq signals of that of the positive 
synchronous reference frame and vice versa in order to obtain a clean and accurate 
grid synchronization angle even under severe balanced/unbalanced conditions [8], 
[10]. The accurate grid voltage angle and detected dq signals will improve the 
performance of the control scheme of the WECS and also enable fulfilling the grid 
code requirements during different contingencies. 
 
Figure 5.2 shows the decomposition of the grid voltage during unbalanced 
condition using double synchronous reference frame DSRF, with positive and 
negative rotating reference frames (dq+, dq-) rotating with the synchronous speed         
( w¢ ) with angular positions ( q¢ ) respectively. 
 
Chapter 5   Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network 
89 
 
Assuming that the angular position of the positive reference frame matches 
that of the positive sequence voltage vector, q w¢ = t , hence, the unbalanced voltage 
vector components using DSRF are expressed as: 
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w
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+
+ + + -
+
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dq dq
q
v t
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Where,  
 ( )cos( ) sin( ) 5.5
sin( ) cos( )
q q
q q
+ - é ù¢ ¢é ù é ù ê ú= =ê ú ê úë û ë û ê ú¢ ¢-ë û
T
dq dqT T  
 
From (5.3), (5.4), it’s evident that, a coupling between positive and negative 
sequence components with double frequency oscillation w2 exists as a consequence of 
the rotation of the voltage vectors in opposite directions. In order to cancel out this 
double frequency oscillation and render accurate response of the voltage components, 
decoupling terms are employed within the DSRF-PLL. 
  
Figure 5.2 DDSRF respective reference frames phasor diagram. 
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5.2.2.1 Decoupling Terms of the DSRF 
Augmenting a decoupling cell allows for cancellation of the reciprocal w2  
coupling effect of positive and negative sequence between both reference frames. 
Thereby, precise grid synchronization is possible even under unbalance utility 
conditions. Figure 5.3 shows a block diagram of the DDSRF-PLL. The estimated 
output dq voltage components of the DDSRF-PLL can be formulated as [8]: 
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As shown in Fig 5.3, a cross-feedback decoupling cell is augmented to 
estimate the average value of the positive and negative sequence components of the 
grid voltage in both reference frames which is , , ,d q d qV V V V
* * * *
+ + - - . The low pass filter, 
LPF, cut-off frequency, 
f
w can be properly set to retain a better damping performance 
with fast response ( 2
f s
w w= ) rad/s. It is worth mentioning that, as the PLL filter 
is located outside the control loop, the DDSRF-PLL bandwidth is not affected. 
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Figure 5.3 DDSRF-PLL basic structure. 
 
5.2.3 DFOGI-FLL Grid Synchronization 
 
Dual Second Order Generalized Integrator (DSOGI) based Frequency Locked 
Loop (DSOGI-FLL) is an insensitive frequency-adaptive synchronization mechanism 
which benefits the instantaneous symmetrical component analysis considering 
adaptive filters [9]. Being frequency-based, DSOGI-FLL can efficiently ride through 
grid perturbations, provides a clean synchronization signal and attenuates grid voltage 
high-frequency components [12].  
The symmetrical components analysis method can be applied in the time 
domain reference frame using Lyon transformation [9]. According to this criterion, a 
grid voltage vector Vs consisting of three unbalanced sinusoidal components can be 
divided into its instantaneous positive, negative and zero-sequence components, 
through applying the following transformations: 
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Where, a is an operator represents a 120° time shift. 
The sequence components of the grid voltage can be also expressed using its αβ 
components as: 
 ( )5.13ab ab+ +-é ù= ë û s abcV T V  
( )5.14ab ab- --é ù= ë û s abcV T V  
Substituting (5.10), (5.11) into (5.13), (5.14) yields: 
( )5.15ab ab+ + -é ùé ù= ê úë û ë û s abcV T T V  
( )5.16ab ab- - -é ùé ù= ê úë û ë û s abcV T T V  
Equations (5.15), (5.16) can be also expressed by its inverse transformation as: 
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Hence, the following expressions can be obtained: 
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5.2.3.1 Structure of DSOGI 
 
One of the techniques of implementing DSOGI is quadrature signal generator 
(QSG) which is adopted here [9]. Figure 5.4 depicts the general structure of the 
DSOGI-FLL. The operator q in (5.19) and (5.20) is implemented using a second-order 
adaptive filter based on a SOGI (SOGI-QSG), which is used in the literature as an 
effective approach for obtaining two in-quadrature output signals from a given 
sinusoidal input signal. Additionally, the SOGI-QSG filtering feature can attenuate 
distorting high-order harmonics effect from the input to the output. Figure 5.5 
illustrates a schematic representation of the DSOGI. Typically, two SOGI-QSGs are 
dedicated to generate the direct and in-quadrature signals for the input voltage αβ 
components, i.e. , , ,V V qV qVa b a b¢ ¢ ¢ ¢ respectively. These signals are given as input to a 
positive negative sequence calculation PNSC block which calculates the respective αβ 
reference frame sequence components based on (5.19) and (5.20). 
 
5.2.3.2 FLL Technique of the DSOGI 
 
 
DSOGI requires a frequency locked loop (FLL) to become frequency adaptive 
which is depicted in Fig 5.6. in this FLL, the two frequency error signals of the αβ 
QSGs are combined  in order to compute the average error signal as: 
 ( ) ( )( ) ( )1 5.21
2 a b
e e a e b¢ ¢= +av v vqV qV  
 
  
Figure 5.4 General structure of the DSOGI-FLL. 
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Figure 5.5 Detailed schematic representation of DSOGI. 
 
The gain of the FLL is then normalized using the square of the amplitude of 
the positive and negative sequence voltage components which yields a first order 
exponential linearized response. Accordingly, DSOGI-FLL not only allows a 
decoupled estimation of the input three-phase voltage symmetrical components on the 
αβ reference frame, but also the value of the grid frequency. 
 
It worth mentioning that DDSRF and DSOGI are two equivalent techniques, 
which perform the same function through sequence separation but on two different 
reference frames. However, the performance of the DSOGI relies on the frequency 
detected by the FLL, whereas the DDSRF performance depends on the phase angle 
detected by the PLL. Hence, in practice the dynamic response of the DSOGI-FLL and 
the DDSRF-PLL based systems will not be the same due to the differences between 
the PLL and FLL [9]. Moreover, Performance dynamic comparison between SRF-
PLL, DDSRF-PLL and DSOGI-FLL will be presented through the presented case 
studies. 
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Figure 5.6 Schematic diagram of the FLL. 
 
 
5.3 Fault Detection Algorithm 
 
Fast fault detection is a key point for rapid triggering of the FRT control 
strategy and thus effectively suppresses the large transient currents. A fault detection 
algorithm, based positive and negative sequence component decomposition is adopted 
here [13]. In a broader context, the detection method is capable of decomposing the 
sequence components using the sample data at two points on the three-phase 
waveform [14]. Hence, the decomposition process can be executed after one sampling 
period. The stator voltage positive sequence component, ௦ܸା, is used as an indicator 
for a fault. Whenever, 0.9 . .
s
V p u+  , a fault is detected and thereby, the proposed 
FRT control strategy is activated to tackle the fault. 
 
For a three-phase system voltage, a space complex vector representation can be used 
as: 
 ( ) ( ) ( ) ( )ˆ 5.22a b= +sV t V t jV t  
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This voltage can be also expressed using its sequence components as: 
( ) ( ) ( ) ( ) ( ) ( )ˆ 5.25w q w q+ - ++ -= +s p s nj t j tsV t V t e V t e  
, , ,
p n
V V q q+ - are the system voltage positive and negative sequence components and 
its phase angles respectively.
s
w is the fundamental frequency. By time delaying (5.25) 
with /r w , the following expression is obtained: 
( ) ( ) ( ) ( ) ( ) ( )ˆ 5.26w q w qw w w+ - ++ - -- = - + -s p s nj t j tjr jrsV t r V t r e e V t r e e  
Assuming that the delay r is very small, (5.26) can be simplified to: 
( ) ( ) ( ) ( ) ( ) ( )ˆ 5.27w q w qw + - ++ - -- » +s p s nj t j tjr jrsV t r V t e e V t e e  
From (5.25), (5.27), the following expressions can be obtained: 
( ) ( ) ( ) ( ) ( )ˆ ˆ 2 sin 5.28w qw ++- - =- s pj tjrs sV t r V t e j rV t e  
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Equation (5.29) represents a decomposition of the positive sequence component from 
the voltage signal. Using (5.22), (5.29) can be formulated with its αβ components as: 
( ) ( ) ( ) ( ) ( )
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Hence, from (5.30) the αβ sequence components can be derived: 
 ( ) ( ) ( ) ( ) ( )1 1 cos 5.31
2 2sina a b b
w+ é ù= - - -ë ûV t V t V t r V t rr  
( ) ( ) ( ) ( ) ( )1 1 cos 5.32
2 2sina b a a
w+ é ù= + - -ë ûV t V t V t r V t rr  
Figure 5.7 illustrates a block diagram for the sequence decomposition method. 
As implied from (5.31), (5.32), the smaller the delay r/w, the faster the algorithm 
response and hence the fault detection as well. However, the system can be easily 
susceptible to noise if r/w is extremely small. Therefore, the selection of the delay r/w 
should compromise between the rewarded fast response and reducing the noise. 
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Figure 5.7 Fault detection schematic diagram. 
 
5.4 DFIG FRT Control Strategy 
 
This section provides the conventional and proposed FRT control scheme for 
the DFIG converters, i.e., the grid-side converter GSC and rotor side converter RSC 
considering the grid codes requirements. 
 
5.4.1 Reactive Power Support  
 
A cascaded reactive power control scheme shown in Fig. 5.8 is devoted to 
manage the reactive power sharing via DFIG stator as well GSC sides is adopted here 
[14]. The priority for the reactive power aid is given to the DFIG stator side -which is 
processed via the RSC control- followed by the GSC side whenever the stator side 
attains the limit - due to severe faults - which is pre-defined through the DFIG 
capability limit. The reactive power support is initiated once the rms stator voltage, Vs 
slips more than 0.1 p.u out of the reference value; Vs-ref. Typical limiters are 
incorporated to ensure that the released reactive power does not overtake the 
respective capability limits of stator and GSC each. Such management scheme is 
efficient as the GSC reactive power support starts subsequent to the stator side 
injection which allows for active power transmission at the fault onset and thus 
mitigating the unwanted transient DC voltage fluctuations [15]. 
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Figure 5.8 Reactive power control scheme. 
 
 
5.4.2 Grid Side Converter Controller 
 
The GSC controller is applied in a reference frame whose d-axis is oriented with 
the stator voltage, 0=qsv . The dc link voltage, Vdc and the reactive power exchanged 
between the grid and the GSC sides, Qg can be controlled through acting on the dq 
GSC voltage components. The dq voltage equations of the GSC connected to the grid 
can be expressed as: 
( )5.33w= + - -dgdg ds s f qg f f dgdiv v L i L R idt              
( )5.34w= - - -qgqg s f dg f f qgdiv L i L R idt                            
Where, subscripts , ,wv i , stand for voltage, current, and angular speed. 
Subscripts, s,g signify stator and grid sides. Indexes d,q stand for direct and 
quadrature axes of dq reference frame. Rf ,Lf refer to GSC interface reactor resistance 
and inductance. 
The active and reactive power flow between the GSC and the grid can be 
written as: 
( )3 5.35
2
=g ds dgP v i                              
 3 5.36
2g ds qg
Q v i   
The DC link dynamics is given by: 
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 ( )
21 5.37
2
= -dcdc r gdVC P Pdt  
 
In normal conditions, the GSC typically operates with a unity power factor, 
Qg=0. Figure 5.9 illustrates The GSC traditional control scheme. To mitigate the dc 
voltage fluctuations during interruptions, a proposed term (Pg/Vdc) is activated and 
added to the dc link voltage control loop to reflect the transitory variation of the GSC 
power. The latter can be attributed to the power imbalance between the RSC and GSC 
resulting from the surplus rotor power followed by the transient voltage dip which 
adversely impacts the dc voltage transient response [14]. 
 
 
Figure 5.9 GSC conventional control scheme. 
 
5.4.3 Proposed GSC Controller 
 
Voltage sags can give rise to unbalanced grid voltages which may result in 
sustained oscillations in the delivered active and reactive power. Whilst it is generally 
accepted that traditional SRF dq current controllers are extensively used and 
implemented in different applications. Nevertheless, the performance of such 
controllers during unbalanced conditions is deficient [16]. Double synchronous 
reference frame DSRF for controlling positive and negative sequences using PI 
compensators seems to be better solution for unbalanced utilities. In DSRF current 
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controllers, two dq synchronous controllers (positive and negative) synchronized with 
their respective angular position ,
s s
q q+ - are utilized. 
For an unbalanced grid voltage
g
v ab- : 
( )
( )
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Where, 
 
( ); 5.39q w f q w f+ + - -= + =- +s s s st t  
Similarly, current vector can be described as: 
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Figure 5.10 depicts the positive and negative sequence components of the grid 
voltage and currents with the respective DSRF. The positive and negative dq current 
components can be expressed as: 
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From expressions (5.41), (5.42), it can be noted that a cross-coupling with 
double frequency 2
s
w exists between both axes in the DSRF reference frames. This 
cross-coupling results in an overlapping ac term with 2
s
w on the dq signals on both 
frames. Due to the limited PI controllers bandwidth, the steady-state error caused by 
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the 2
s
w oscillations can’t be cancelled out completely which degrades the controller 
performance [9].  
An DSRF dq current controller incorporated with decoupling cells to eliminate 
the mutual 2
s
w  cross-coupled oscillations arising from positive and negative sequence 
currents is adopted and dedicated for the control of the GSC which known as DDSRF 
dq current controller [16]. Moreover, to make sure that the DDSRF dq controller is 
working properly, information about the current tracking error is fed so that if a 
current error exists, this dc error is subtracted from the reference value to retain the 
exact value of the current magnitude in the respective SRF. 
Similar to the decoupling cells approach used for DDSRF-PLL, the resultant 
DDSRF dq current controller can be expressed as: 
 
(( ) ( )q q q q+ - + -- - - -+ + - - --¢ = + ⋅ - ⋅ -Ds s s sj jdqg dqg dqg dqg ref dqgi i e i e i i (5.44)
                    AC Term                Decoupling cell                                                 
(( ) ( )q q q q- + - +- - - -- - + + +-¢ = + ⋅ - ⋅ -Ds s s sj jdqg dqg dqg dqg ref dqgi i e i e i i
 
(5.45)
                     AC Term               Decoupling cell  
 
The LPF cut-off frequency 
f
w which is used for obtaining the mean value of the 
current error is selected as / 2
f s
w w= ) rad/s. the DDSRF controller block diagram 
which abridges (5.44), (5.45) is shown in Fig. 5.11. The outer controller of the 
DDSRF current controller is the same as that in [4]. 
 
5.4.4 Conventional RSC Controller 
 
During normal operation, the DFIG stator active and reactive power decoupled 
control can be realized through vector control technique with a reference frame 
aligned with the stator voltage vector. The RSC control structure is as shown in      
Fig. 5.12. The RSC control strategy is implemented in a synchronous reference frame 
with the d-axis oriented with the DFIG stator voltage. The RSC is dedicated to attain 
Chapter 5   Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network 
102 
 
decoupled control of stator side active and reactive powers and also provides the 
DFIG with a variable speed operation. The d-axis control loop regulates the stator 
active power,	Ps, via regulating the reference rotor active  power current component 
current idr-ref, which is generated by the outer control loop that provides variable speed 
operation according to the WT MPPT. The q-axis corresponds to the stator reactive 
power control which is controlled through the reference rotor reactive power current 
component, iqr-ref .  
The output of the control loops is the RSC input voltage,
rabc ref
v - . Once the 
stator voltage dips, the DFIG delivered output power decreases as well. Meanwhile, 
the reference input power should be restrained to regain power balance; otherwise, 
power imbalance will give rise to higher rotor current and rotor over-speed. 
 
 
  
Figure 5.10 (a) Grid voltage positive/negative sequence components and injected (b) 
dq components of the positive/negative sequence current vector. 
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Figure 5.11 GSC DDSRF dq current controller. 
 
Under normal operation, the DFIG output power can be defined as: 
( )3 5.46w -=t opt r refP k  
Where,      
              ( )
3
max
3 3
0.5
5.47
r
l
-= b b popt
g opt
A r C
k
N
 
To suppress the rotor as well as stator currents during contingencies, 
whenever, a faulty condition is detected, the MPPT is deactivated and the reference 
active power is given by: 
 ( ) ( )2 3 5.48w- -=s ref r opt s so r refP k k V V  
 
Where, kr is a reduction factor. Vs0, Vs signify the stator voltage pre and during 
the fault respectively. Equation (5.48) implies that the rotor active power current 
component will be reduced during the fault but pursuing less active power production 
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which is recommended by the British and Danish grid codes [1], [17]. With the aid of 
the reactive power support scheme, the RSC concurrently injects reactive current 
support with the remnant rotor current to fulfill the grid code commitment and restore 
the ac voltage. 
 
5.4.5 Proposed RSC Controller 
 
For further improvement of the RSC transient response, proportional integral 
resonance PIR current regulators are employed in the RSC controller as shown in Fig. 
5.13 [18]. The parallel resonant blocks are tuned at ωୱ, 2ωୱ. ωୡ is the cut-off 
frequency and k୧୰ is the proportional gain at the resonant frequency. Hence, the RSC 
dq voltage components are set as: 
 
 ( ) ( ) ( )5.49w-= - - +dr dr ref dr sl r qr m qsv PIR i i L i L i  
( ) ( ) ( )5.50w-= - + +qr qr ref qr sl r dr m dsv PIR i i L i L i  
 
Where, ݅ௗ௥, ݅௤௥ are the rotor active and reactive current components 
respectively.	݅ௗ௦, ݅௤௦ are the stator side active and reactive current components. ωୱ୪ is 
the slip frequency. ܮ௥, ܮ௠ refer to rotor and magnetizing inductances. 
 
Figure 5.12 DFIG RSC control strategy. 
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Figure 5.13 RSC PIR inner current controller. 
 
5.5 Results and Discussions 
 
This section provides a set of simulation test cases to verify the DFIG dynamic 
response using different control schemes and PLL structures under different fault 
scenarios. Conventional control method refers to the basic GSC and RSC controllers 
and the SRF-PLL. Whereas, control method 1 refers to the GSC DDSRF current 
controller and the DDSRF-PLL and control method 2 denotes the GSC controller 
using DDSRF current controller, proposed RSC controller and DSOGI-FLL. 
Moreover, the system compliance to the grid codes requirements during faulty 
conditions is also examined.  
Figure 5.14 depicts the test system used for the simulation where a 2 MW 
DFIG WT is connected to a weak grid of SCR=3 and X/R=10. The system is 
simulated in the MATLAB/SIMULINK platform. As the wind speed is not expected 
to encounter significant change during a fault, the simulations are carried out at the 
nominal wind speed of the WT (11.4 m/s).  
 
For the safety of system operation, the maximum allowed limit for the DC 
voltage is 1.25 p.u. Stator and rotor protection thresholds are set to 1.5 p.u. However, 
the RSC can sustain 2 p.u overcurrent for a very short time [16]. Moreover, the pitch 
controller will be activated during voltage dips to regulate the rotor speed. 
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Figure 5.15 Single line diagram of the test system. 
5.5.1 LVRT Operational Scenario 
The system response to a symmetrical three-phase fault ሺX୤ R୤⁄ ൌ 5ሻ in the 
transmission system (see Fig. 5.14) with duration of 0.5 s is depicted in Fig. 5.16 
using the different control aspects. During the fault, the stator voltage (Fig. 9.a) falls 
down to 95% which corresponds to a severe fault, while the FRT protection is 
triggered via the fault detection algorithm for protection purpose. At t=1.2s, the fault 
is cleared and later the normal operation is retrieved. At the onset of voltage dip, 
higher stator and rotor transient currents are noticed for the different controllers. 
Owing to the transient increase of the rotor current, the rotor power transmitted 
through the DC link simultaneously increases, which causes higher DC voltage 
oscillations due to lower ac voltage at the GSC terminals.  
Compared to the proposed control strategies, the DC voltage for the 
conventional scheme encounters higher spike (1.32 p.u) and even exceeds the safe 
margins as recorded in Fig. 10.l6-A whereas, in case of the proposed strategies 1,2, 
the DC voltage is effectively regulated in the allowed range with faster response and 
lower settling time.  
Moreover, it can be seen from the results that the activation of the FRT scheme 
in the RSC controller plays a significant role in regulating the power balance 
mismatch by reducing the DFIG input power in response to the output power 
reduction due to the fault and thus limiting stator as well as rotor currents by the 
control methods. Also, due to triggering the pitch control, the rotor over-speed is 
limited subsequent to the fault moment. 
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According to the grid codes, reactive current support should be resumed with 
the voltage dip remnant value below 0.9 p.u. Figure 5.15 also depicts the WT reactive 
power current component released in response to the voltage dip via stator and GSC 
sides. Obviously, it can be seen that the reactive current in case of the proposed 
methods attain its maximum value steadily during the fault period while for the 
conventional method, fluctuates and loses the successful reactive current support. This 
can be attributed to the loss of the exact vector control orientation as a consequence to 
the severe voltage dip with 95% drop due to the fluctuation caused by the lower weak 
grid SCR.   
On the other hand, Fig 5.16 evidences that the DDSRF-PLL and DSOGI-FLL 
are capable of extracting a clean and unaffected synchronization signal with more 
damped transient performance at the fault moments which in turn enhances the overall 
system performance under such sever fault and also fulfil the grid code requirement. 
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Figure 5.15 Response of the DFIG WT system to a symmetrical three-phase fault with          
Xf/Rf = 5: (A) Conventional control strategy. (B) Control strategy 1 (C) Control 
strategy 2. 
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Figure 5.16 Tracking response of the system PLL for a symmetrical 3ph-fault:        
(A) SRF-PLL. (B) DDSRF-PLL. (C) DSOGI-FLL. 
 
5.5.2 Asymmetrical Faults Scenario 
Asymmetrical faults are widely recurring and accompanied with negative 
sequence currents which can result in sustained DC voltage and electromagnetic 
torque oscillation. In a broader context, the latter can adversely impact the WT 
coupling shaft while the former can damage the WT converters which eventually 
might trip the DFIG WT during such faults [3].  The system responses to a phase-to-
ground fault in phase A with 90% voltage dip and a phase-to-phase fault with 50% 
voltage dip are shown in Figs. 5.17-18 respectively. The faults occur at t= 0.7 s and 
cleared 150 ms later as implied by grid codes [18].  
Pre-fault, the dominant rotor current frequency is |s|ωୱ 2π⁄ ൌ 5	Hz while 
during the fault,	|2 െ s|ωୱ 2π⁄ ൌ 105	Hz. With the sequence currents controlled via 
the GSC DDSRF current controller, the DC voltage oscillation is mitigated (using 
proposed control methods 1,2) compared to that of the conventional method. It can be 
noticed from the results that the stator and rotor currents are effectively restrained 
below 2 p.u. Moreover, the stator active power and injected reactive current during 
both faults are oscillated dramatically due to the limited control capability of the RSC 
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[19]- [20]. Nonetheless, the oscillation is less in case of the proposed control strategy 
1,2 with better post-fault recovery performance. This is due to the identical control 
efforts done by the proposed GSC controller for the sequence currents [6] and 
concurrently the robust performance of the DDSRF-PLL and DSOGI-FLL which 
extract an unaffected signal irrespective of the unbalanced grid voltage as seen in 
Figs. 5.19-20.  Furthermore, the distorted stator voltage phase angle and its respective 
dq voltage components detected by the SRF-PLL impacts the commonly used vector 
control orientation scheme and adversely affect the control objectives. 
Comparing the results, it can be concluded that the phase-to-phase fault is 
severer as it causes lower ac voltage and larger currents. Accordingly, higher DC link 
overshoots of 1.4 p.u are depicted in Fig. 5.18 which is quite far from the allowable 
limit under conventional control method. Furthermore, it was found that the rotor 
speed was increased slightly (5.5%) due to the activation of the pitch controller in 
response to the voltage dip. Besides, as the grid frequency is a more stable variable 
compared to the grid voltage phase-angle, DSOGI-FLL retains a robust and smoother 
response than the DDSRF-PLL during system transient faults. 
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Figure 5.17 Response of the DFIG WT system to a single-phase to ground fault with             
Xf/Rf = 5 (A) Conventional control strategy. (B) Control strategy 1 (C) Control 
strategy 2. 
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Figure 5.18 Figure 5.18 Response of the DFIG WT system to a phase-to-phase fault 
with Xf ⁄ Rf= 5 (A) Conventional control strategy. (B) Control strategy 1 (C) Control 
strategy 2. 
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Figure 5.19 Tracking response of the system PLL for a single phase-to-ground fault. 
(A) SRF-PLL. (B) DDSRF-PLL. (C) DSOGI-FLL. 
 
Figure 5.20 Tracking response of the system PLL for a phase-to-phase fault.           
(A) SRF-PLL. (B) DDSRF-PLL. (C) DSOGI-FLL. 
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5.6 Summary  
This chapter has studied the conventional and advanced control and 
synchronization techniques for WPPs connected to weak networks for the purpose 
improving the overall performance and fulfilling the modern grid codes commitments. 
A DDSRF current controller for GSC has been presented to achieve high dynamic 
performance, counteract current oscillations and regulate the DC link voltage during 
disturbances.  
A DDSRF-PLL and DSOGI-FLL to extract a clean, robust synchronization 
phase angle irrespective of the grid voltage waveform have been also presented to 
enhance the overall system performance under severe voltage dips.  
Additional terms have been augmented with the RSC and GSC controllers to 
suppress the stator and rotor currents and limit the rotor over-speed during faults. 
Besides, a fast decomposition algorithm for rapid fault detection has been discussed. 
Diverse simulations have been conducted to assess the impact of the FRT proposed 
strategy on the DFIG WT connected to a weak grid. The obtained results assure the 
capability of the DFIG WT connected to a weak grid of SCR of 3 to comply with the 
grid codes requirements using the proposed control strategies. 
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Chapter 6 
 
Conclusions and Future Work 
 
6.1 Conclusions 
Recently, wind energy attracted the attention of many researchers as well as 
politicians owing to its steady gross in the global market. The development of wind 
power not only represents onshore power plants but also offshore wind farms with a 
capacity hundreds of MW. With a remarkable penetration level in many countries, the 
integration of wind power into power systems would seriously impact the stability and 
operation scenario and therefore brings different technical issues. Such challenges are 
more prominent and effective in case of weak power systems that have lower system 
strength. 
Besides, with the increase of wind power penetration level worldwide, the 
transmission system operators issued the so called Grid Codes which impose a set of 
regulations on wind power plants WPPs in order to maintain the system stability and 
reliability during normal and abnormal conditions. Therefore, WPPs are requested to 
provide ancillary services as conventional generators in order to maintain the system 
voltage. Such commitment will represent another challenge when considering wind 
power plants connected to weak ac grid which already suffers voltage perturbations. 
Consequently, this dissertation is dedicated to address some of the technical 
issues that impede the efficient integration of wind power into weak power systems 
with very low system strength. The study also investigates the fault ride-trough 
response of wind power generators that are connected to stiff and weak networks 
considering the grid codes regulations. To identify the technical challenges that 
confront integration of wind power into weak power systems, a simplified model that 
depicts a grid-connected DFIG WT has been studied under a wide range of grid short 
circuit capacity ratio SCR and also X/R ratio. Accordingly, the voltage and 
active/reactive power constraints of this typical configuration have been identified. It 
has been found that, a grid with 1≤SCR≤4 and/or X/R≤1 is susceptible to dramatic 
voltage perturbations as a consequence to high system impedance which accordingly 
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represents a serious limitation for delivering the available wind power. Therefore, 
reactive power support is crucial to maintain the system voltage within permissible 
limits. 
A detailed model representing a typical configuration of a grid-connected 
DFIG WT has been also studied to examine the system performance under a wide 
range of system strength, and verify the analytical study. A mega-watt level DFIG 
which is widely implemented in the wind energy market has been considered because 
it employs partial converters and thus its control especially during abnormal 
conditions will be more challenging. To provide a unified mitigation facility of the 
point of connection POC voltage perturbations during different system strengths, an 
adaptive voltage control AVC strategy based system strength and operating point has 
been proposed.  
In a broader context, the AVC aims at maximizing the wind power penetration 
into weak networks. Moreover, a proposed reactive power dispatch algorithm to 
manage the reactive power flow from/to the wind generator WG is presented. 
Throughout different case studies performed, it has been deduced that the AVC 
provides a higher mitigation capability compared to traditional voltage controllers. 
Additionally, owing to the limited reactive power capacity of the DFIG, overrating the 
grid side converter represents a cost-effective solution to maintain the POC voltage 
within allowable limits at very low SCRs. It was found that a GSC with 0.38 p.u. 
rating (compared to 0.25 p.u. normal rating) is sufficient to keep the system voltage 
within normal limits for the entire range of the studied network parameters. The 
overall system stability using safe operation zones was examined using numerous 
simulations for 1≤SCR≤10 and 0.5≤X/R≤10 in the studied system with the AVC and 
the overrated GSC.  
It was concluded that, at a given system strength (2≤SCR≤4 and X/R≤0.5), the 
operation regions incur insecure areas at higher WT output power. This is because the 
higher output power provokes larger voltage deviations which make the demanded 
reactive power more vulnerable to the voltage variations especially at very low X/R 
ratios. However, the voltage swell decreases again with higher SCR ‘lower 
impedance’ as the network with higher SCR is unlikely cause larger voltage 
perturbations. Therefore, For SCR≥5 even with X/R = 0.5, safe operation is ensured. 
Furthermore, except for 0.5≤X/R≤1, the DFIG can effectively regulate the voltage 
Chapter 6         Conclusions and Future Work 
119 
 
with the latent reactive power. Accordingly, the GSC effectively manipulates the 
reactive power deficit at very low X/R ratios to maintain the voltage. 
Typically, two main deficiencies are reported in the literature for the DFIG 
which are the higher transient stator and rotor currents at the instant of abrupt voltage 
dip as well as DC link overvoltage due to the imbalance between the rotor power and 
the delivered GSC power during a fault. The DFIG transient response due to 
symmetrical and asymmetrical faults has been investigated for both stiff and weak 
networks.  For a DFIG WT connected to a stiff network, a nonlinear controller has 
been presented for the GSC to achieve high dynamic performance, decoupled control 
between the DC link voltage and reactive power and meanwhile injects reactive 
power during voltage dips to support the system voltage. Due to the steady voltage of 
a stiff network, the obtained output results evidences that using a proper DFIG control 
during transients can overcome its former shortcomings. The GSC nonlinear control 
results reveal fast response, high dynamic performance and assure the FRT capability 
of the proposed control strategy in compliance with the Danish grid code without 
additional hardware circuits. 
 
Asymmetrical faults are widely recurring and accompanied with negative 
sequence currents which can result in electromagnetic torque oscillation that can 
adversely impact the WT drive-train. Also, due to the voltage perturbations caused by 
SCR and/or X/R variations, voltage is difficult to control in case of weak networks. 
For these reasons, Decoupled double synchronous reference frame phase locked loop 
DDSRF-PLL and dual second order generalized integrator based frequency locked 
loop DSOGI-FLL synchronization techniques have been implemented for accurate 
and clean grid voltage position detection irrespective of the mains conditions. A 
decoupled double synchronous reference frame (DDSRF) current controller is adopted 
for the design of grid side converter, GSC, controller to counteract negative sequence 
double frequency current oscillations raised by unbalanced voltages and tackle the DC 
link voltage run-away. 
A set of case studies carried out during balanced as well as unbalanced faults 
show that the synchronization techniques are capable of extracting a clean voltage 
position signal and dq components which accordingly improves the controller 
performance and maintain the WT grid connected to the mains to fulfill the grid codes 
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requirement. Additionally, the DDSRF GSC current controller keeps the DC voltage 
within the permissible limits especially during unbalanced faults compared to 
traditional controllers. 
 
6.2 Future Work 
Based on the achievement and findings of this dissertation work, several future 
research points are suggested in the area of wind power integration as follows. 
 The power fluctuations caused by wind speed 3p oscillations needs further 
mitigation for improvement of the POC voltage especially during very low 
SCR and X/R ratios. 
 
 Advanced control techniques for controlling the positive and negative 
sequence components at the RSC can be considered for further improvement 
of the system performance during asymmetrical faults. 
 
 The DFIG FRT response needs to be investigated for a wide range of SCR and 
X/R variations of a weak grid in order to come up with a unified FRT control 
strategy suitable for both stiff and very weak networks. 
 
 The application of energy storage ES is an effective mean to improve the 
system voltage performance during normal and abnormal conditions. The 
different ES types could be studied using proposed control methods to 
overcome voltage variations. 
 
 The proposed AVC significance could be expanded to a wind farm WF level 
connected to a weak network to investigate the POC voltage performance with 
the different wind turbines. Also, the reactive power dispatch strategy could be 
modified due to the reactive power contribution of the whole WF. 
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Appendix A 
The DFIG Capacity Mathematical Equation 
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Rearranging (A.1), yields: 
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For the general quadratic equation: 
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 2 4 .5
2
b b acx A
a
    
It follows that the roots of (A.1) are: 
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From (A.6), it follows that, the maximum generation and absorption capacity can be 
expressed as: 
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Appendix B 
Derivation of POC Voltage Equation 
 
Rearranging (2.2), yields 
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Using the trigonometric identity 
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From (B.3), (B.6), yields 
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Rearranging and squaring of (B.7), gives 
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For the general quadratic equation 
 2 0 .10ax bx c B    
The roots of Eqn. (B.10) can be obtained using the formula 
 2 4 .11
2
b b acx B
a
    
It follows that the roots of (B.9) are 
      
22 2 2 2 2 2
2
2 4
.12
2
n t eq t eq n t eq t eq t t eq eq
poc
V PR Q X V PR Q X P Q R X
V B
         
 
After solving (B.12), the POC voltage can be expressed as: 
2                                                         (B.13)0.5poc nV V A   
Where, 
   24 2 (B.14)0.25       t eq t eq n t eq t eq n t eq t eqA PR Q X V PR Q X V P X Q R        
The positive sign only of (B.13) is accepted so that at zero power, the equations is 
valid, i.e.,  
 .15poc nV V B  
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Appendix C 
 
Parameters of the DFIG Variable-Speed Wind Turbine  
 
Parameter Value 
Rated power 2 MW 
Rated Voltage 0.69 kV 
Rated frequency 50 Hz 
Stator Resistance 0.00488 p.u. 
Stator leakage inductance 0.1656 p.u. 
Rotor resistance 0.00549 p.u. 
Rotor leakage inductance 0.1763 p.u. 
Magnetizing inductance 3.9257 p.u. 
Number of pole pairs 2 
Lumped inertia constant 4.5 s 
Gear box ratio 87 
Rated DC link voltage 1200 V 
DC link capacitor 16000 μF 
Rotor hub elevation 80 m 
WT rotor radius 40 m 
Wind shear empirical component (α) 0.3 
Tower radius (a) 2 m 
Distance from the blade origin to the 
tower midline (x) 
5 m 
Turbulence Intensity 10% 
Transformer rated Power 2.5 MVA 
Primary winding rated voltage 11 kV 
Secondary winding rated voltage 0.69 kV 
Short circuit impedance 0.0033+j0.039 p.u. 
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Abstract—This paper presents a new decentralized control strategy 
to enable a Doubly-fed Induction generator wind turbine, DFIG 
WT, to fulfill the Danish grid code requirements during different 
perturbations. A nonlinear controller is adopted for the grid side 
converter, GSC, to ensure decoupled control of the DC link voltage 
and the reactive power, and counteract the DC link voltage run-
away. Moreover, the GSC is dedicated to inject more reactive power 
during voltage dips to satisfy the grid code reactive power support 
obligation. A conventional PI controller is devoted to control the 
rotor side converter, RSC, with additional compensation terms to 
reduce the rotor over-speed, and limit the rotor and stator large 
transient currents. A diverse set of symmetrical and asymmetrical 
voltage excursions are investigated to evaluate the effectiveness of 
the proposed method using MATLAB/SIMULINK environment. 
The obtained results assure the capability of the proposed control 
strategy to satisfy the Danish grid code requirements. 
Index Terms-- Asymmetrical faults, Danish grid code, DFIG, 
nonlinear control. 
I. INTRODUCTION 
With the steady increase of decentralized wind power plants 
WPP, the transmission system operators, TSO in many countries 
have stipulated some regulations to the integration of wind power 
plants, WPP which are known as grid codes [1]. Using partial 
scale converters, Doubly-fed Induction generator wind turbine, 
DFIG WT, still dominate the global market as it acquires more 
than 50% of the current installed wind power [2], [3]. 
Generally speaking, two main drawbacks are reported in the 
literature for the DFIG which are the higher transient stator and 
rotor currents at the instant of a fault as well as DC link 
overvoltage due to the incapability of the grid side converter, 
GSC to transmit the rotor circuit power [2]-[5]. Traditionally, a 
crowbar is inserted in the rotor circuit and activated during faulty 
conditions to address the aforementioned shortcomings. 
However, once the crowbar is activated, the rotor side converter, 
RSC is disabled and its control is temporarily lost, meanwhile the 
machine behaves as an induction motor drawing higher reactive 
power [4]. Advanced control strategies for DFIG have proven to 
be the optimal solution to ride-through the DFIG drawbacks 
during faults [2],[4],[5]. To enhance the Low Voltage Ride-
Through, LVRT of DFIG, [3] proposed a hybrid fault tolerant 
current controller to the DFIG RSC and GSC. A standard PI 
controller is used for normal conditions whereas a vector-based 
hysteresis current controller is utilized to overcome LVRT and 
High Voltage Ride-Through, HVRT conditions. However, more 
asymmetrical fault cases are not investigated.  
In [4], a compensation term is added to the conventional 
controller of the GSC to overcome the DC link overvoltage 
during voltage dips. In addition, the RSC control method 
increases the rotor speed during faults to transform the additional 
power into kinetic energy and limit current oscillations. 
Nevertheless, if the rotor speed is above the rated value (higher 
wind speed), the pitch controller will be activated, hence, the 
proposed control method will not be highly effective. 
This paper presents a new decentralized control strategy for 
the control of DFIG WT to ride-through different disturbances as 
well as to fulfill the Danish grid code commitments.  
A nonlinear feedback controller is proposed for the GSC to 
achieve independent control between the DC link voltage and the 
reactive power, suppress the DC voltage fluctuations and 
concurrently inject reactive power during contingencies to fulfill 
the reactive power support requirement. Additional proposed 
terms are incorporated with the conventional PI controller of the 
RSC, with the target of reducing the rotor and stator currents 
during faulty conditions and limiting the rotor over-speed as well. 
II. DANISH GRID CODE REVIEW 
 
Being one of the countries that has significant wind power 
share, the transmission system operators (Energinet.dk) in 
Denmark has introduced the Danish grid code which is a set of 
requirements that wind power plant, WPP has to satisfy in order 
to remain connected to the power system [6].   Fig. 1-a shows the 
LVRT requirement imposed by the Danish grid code on the WTs 
connected to the transmission system [1],[6]. As seen, it implies 
three operational modes; (1) The WPP must remain connected to 
the power system in area A for voltage higher than 0.9 p.u. (2) 
The WPP should not only remain connected to the power system 
in area B but also provides reactive power support to the grid as 
demanded in Fig. 1-b to help stabilize the voltage with full 
reactive current injection in the area B′. (3) The disconnection of 
the WPP is allowed in area C. On the other hand, the Danish grid 
code has stipulated another requirement for high voltage 
978-1-4799-1303-9/13/$31.00 ©2013 IEEE
operation known as high-voltage ride-through, HVRT as 
depicted in Fig. 1-c. Such operating condition may arise due to 
disconnecting large load or a grid fault [1]. 
 
/q nI I
 
Fig. 1 Danish grid code requirements, (a) LVRT, (b) Reactive power support 
criterion, (c) HVRT [16] 
 
III. DFIG WT SYSTEM MODELING 
Fig. 2 demonstrates a schematic diagram of a DFIG wind 
turbine connected to the main grid through 20 km double 
transmission line. The system comprises a 2 MW DFIG WT. The 
WT-represented with the rotor as a lumped mass model- is 
operated according to the well-known maximum power point 
tracking, MPPT to extract the maximum available power at each 
wind speed below the rated value and holds a constant power 
over the rated wind speed [5]. The DFIG rotor speed is controlled 
via the pitch angle controller having a structure as in [4]. The 
DFIG is connected to the ac system through two two-level PWM 
back-to-back voltage-source converters, VSC namely, RSC and 
GSC and a coupling transformer. The transmission line is 
attached to the main grid through a high voltage transformer. 
 
 
IV. DFIG FAULT RIDE-THROUGH FRT CONTROL STRATEGY 
 
A. RSC Control Strategy 
 
The control structure of the RSC side is as shown in Fig. 3. 
The RSC control strategy is implemented in a synchronous 
reference frame with the d-axis oriented with the DFIG stator 
voltage [7]. The RSC is dedicated to ensure decoupled control of 
stator side active and reactive powers and also to provide the 
DFIG with a variable speed operation (±30% speed range). The 
stator active and reactive powers,Ps,Qs are controlled via 
controlling the rotor side current components,idr,iqr respectively. 
The output of the control loops is the RSC input voltage, Urabc
* . 
During normal operation, the DFIG is controlled to achieve 
variable speed operation according to the MPPT while absorbing 
the required excitation ൫Qsn* ൯ from the reactive power control 
loop [7].  According to the Danish grid code, the supply of  react- 
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Fig. 2 Schematic diagram of the DFIG wind turbine grid connected system 
 
ive power has the first priority in area B over the active power 
supply. However, a suitable margin of active power must be 
retained in proportion to the voltage dip magnitude [1], [6]. 
Therefore, once a faulty condition is detected, the MPPT is 
deactivated and the active power is kept to a minimum value to 
help suppress rotor and stator currents as well as to limit rotor 
over-speed. Furthermore, the RSC controller can contribute to 
additional reactive power support with the remnant reactive 
current to satisfy the reactive power support criterion (see Fig. 1-
b, Fig. 3). 
 
B. GSC Control Strategy 
The model of the GSC in a dq reference frame whose d-axis is 
aligned with the voltage vector Uഥg is described by the following 
set of differential equations:        dg f f dg g qg dg dc fdi dt R L i i U U L         (1) 
       qg f f qg g qg qg qc fdi dt R L i i U U L             (2) 
Where, subscripts, U,i,ω, signify voltage, current, and angular 
speed. Subscripts, g,c refer to grid and converter sides. Indexes 
d,q stand for direct and quadrature axes of dq reference frame. 
Rf,Lf refer to resistance and inductance of the GSC interface 
reactor. 
The active and reactive power exchange between the GSC and 
the grid can be formulated as:   1.5g dg dg qg qgP U i U i                          (3) 
  1.5g qg dg dg qgQ U i U i                          (4) 
 
The GSC controller is devoted to regulate the DC link voltage, 
Vdc and control the reactive power flow between the GSC and 
the grid. Under normal conditions, the GSC usually operates with 
a unity power factor by regulating Qg to zero. The DC link 
voltage and reactive power are controlled via regulating the grid 
side converter current components idg,iqg respectively. The output 
of the control loops is the GSC reference voltage Ugabc
* . The GSC 
conventional control strategy is illustrated in Fig. 4. Subsequent 
to the fault, a large transient rotor current will flow and a surplus 
rotor power as well which need to be transmitted by the GSC. 
Nonetheless, due to the lack of sufficient ac voltage at the GSC 
terminals, the DC link voltage rises quickly [8]. Also, the more 
the GSC is incapable of transmitting the power to/from the grid, 
the higher the GSC current, which can be destructive to the 
converter switches. To overcome this shortcoming, a faster GSC 
control method with higher ability to decouple the GSC control 
variables should be employed, which is elaborated next. 
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Fig. 3 RSC control scheme 
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Fig. 4 Conventional GSC control scheme 
 
C. GSC Proposed Nonlinear Controller 
The conventional PI controllers suffer poor and sluggish 
response specially during transients due to the coupling among its 
control loops [2]. The nonlinear feedback control is proposed to 
ensure better transient performance and decoupled control 
between the DC link voltage and the reactive power. Fig. 5 shows 
a block diagram of the proposed nonlinear control strategy. 
Similar to the conventional GSC controller, the output of the 
control loops is the GSC reference voltage, Ugabc
* .  The input 
variables of the nonlinear controller are defined as: 
1 2,dc gy V y Q                                  (5.a) 
The DC link dynamics can be described by: 
 1 1 dc dcg dcry C i i                            (5.b)                           
For lossless GSC,  
DC dc dcg g fP V i P P                               (6) 
Where, PDC,Pf are the DC link transmitted power and the 
power loss through the interface reactor connecting the GSC to 
the grid respectively. Cdc,idcg,idcr are the DC link capacitance 
and currents respectively. To achieve linearization between the 
control algorithm inputs and outputs, “(5)”, is to be differentiated 
till a direct relationship between them is obtained as: 
1 1 2
2 3 4
0
0
dc
qc
Uy C C
Uy C C
                         

                     (7) 
Where,    1 1.5 / 3 /f dc dc dg f f dc dc dgC L C V U R L C V i    
 3 1.5 / f dgC L U                
2 2
2
2
3 / 3 / /
1.5/ 3 / 1.5/ /
3 / / 1/ /
f f dc dc dg f f dc dc g g dc dc g
f dc dc dg f g dc dc dg qg dc dc qg qg
f dc dc qg qg dc dcr
C R L C V i R L C V P C V Q
L C V U R C V i i C V U di dt
R C V i di dt C di dt


   
  

   4 1.5 / / 1.5 /f dg qg g g f f g qg dgC L U U P R L Q i dU dt   
 
To obtain linear decoupled relationship with good tracking 
performance even with parameter uncertainty,	Udc* ,Uqc*  are 
expressed as [9]:  * 1 1 1 2 1 3 1 1 21 /dcU C k e k e dt k e y C            (8.a) 
 * *3 4 2 5 2 2 41 /qcU C k e k e dt y C              (8.b)              
Where, * *
1 1 1 2 2 2,  yey y ye      
 
Substituting, (8) into (7), yields a decoupled system error 
model as: 
1 3 1 1 2 11 0e k k e k ee       
2 4 2 5 2 0e k e k e     
 
Where, k1,…, k5 are control gains. 
 
V. SIMULATION RESULTS 
To investigate the dynamic performance of the proposed 
control strategy under different operating conditions according to 
the Danish grid code, an intensive set of simulation case studies 
are performed for the system under study shown in Fig. 2. The 
system is simulated in the MATLAB/SIMULINK environment 
using SimPowerSystems toolbox and Simulink for system 
modeling and simulation. The system parameters are listed in the 
appendix. The simulations are carried out at the nominal wind 
speed of the WT (11m/s). Among the different simulation tests, 
certain safe limits (marked with dashed lines in the output results) 
are imposed on the system variables for protection purpose.  
The maximum allowed limit for the DC voltage is 1.25 p.u., 
and 1.3 p.u., for the stator, RSC and GSC currents while 1.3 p.u., 
for the rotor speed. 
 
A. LVRT and Grid Code Compliance 
 
The system response to a three-phase fault in the middle of 
one of the transmission lines (see Fig. 2) with duration of 0.5 s is 
illustrated in Fig. 6. The fault results in stator voltage dip close to  
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Fig. 5 GSC Nonlinear control scheme 
 
0.2 p.u (Fig. 6-a). At the instant of voltage dip, higher stator and 
rotor currents are noticed as in Fig. 6-b,c. Owing to the abrupt in-
crease of the rotor current, the rotor power which is fed to the 
GSC through the DC link simultaneously increases, which causes 
higher DC voltage oscillations due to lower ac voltage at the 
GSC terminals. 
Higher DC voltage fluctuation in case of the conventional 
controller is recorded in Fig. 6-e compared with that of the 
proposed controller. This can be attributed to the fast injection of 
reactive power (Fig. 6-g) which contributes to supporting the ac 
voltage and consequently transporting more power through the 
GSC, and eventually results in relieving the DC voltage 
fluctuations. 
Since the voltage drop impedes transferring all the wind 
mechanical power, the mismatch between the electromagnetic 
and mechanical torques results in rotor over-speed [5], as in Fig. 
6-d but remains within the allowed limit. The active power in 
Fig. 6-f is reduced at the fault instant to a minimum value to limit 
the rotor over-speed and the system currents.  
 
 
B. Asymmetrical Faults Response 
Asymmetrical faults are recurring faults and lead to negative 
sequence currents of double frequencies which usually 
accompanied with higher oscillations that propagate in the DC 
link and may cause transient overvoltage beyond the limit [10], 
[11]. The system responses to a single-phase to ground fault and 
a phase-to-phase fault are shown in Figs. 7,8 respectively. The 
faults occur at t= 0.5 s and cleared 150 ms later [6] and cause 
58% and 37% voltage dip respectively. It is obvious that double 
frequency component due to negative sequence currents is 
superimposed on the DC link voltage waveform as seen in Figs. 
7,8-e. Comparing the results, it can be concluded that the phase-
to-phase fault is severer as it causes higher voltage drop. 
Accordingly, higher DC link oscillations close to the limit are 
depicted in Fig. 8-e. The proposed controller is superior to its 
counterpart in both cases as it encounters lower overshoots, 
shorter settling time with damped performance as seen in Fig. 8-
e,f. The rotor speed, stator and rotor currents are maintained 
below the limit for both methods. 
 
 
Fig. 6 Response of the DFIG WT system to a three-phase fault (a) DFIG stator 
voltage (b) Stator current (c) Rotor current (d) DFIG rotor speed (e) DC link 
voltage (f) Delivered active power (g) Delivered reactive power.  
 
Fig. 7 Response of the DFIG WT system to a single-phase to ground fault (a) 
DFIG stator voltage (b) Stator current (c) Rotor current (d) Rotor speed (e) DC link 
voltage (f) Delivered active power (g) Delivered reactive power. 
C. HVRT Response 
 
To validate the HVRT requirement of the Danish grid code 
(Fig. 1-c), a double-open circuit fault at the point of common 
connection POC for 200 ms is applied and the obtained results 
are shown in Fig. 9. The stator voltage magnitude (Fig. 9-b) 
fluctuates during the fault and even exceeds the Danish grid code 
limit (1.2 p.u.). At the fault onset, the delivered active power 
rises which in turn increases the power fed to the GSC and thus 
leads to higher DC voltage oscillations. The DC link voltage in 
case of conventional controller violates the limit as in Fig. 9-f. To 
counteract the voltage swell, the stator and rotor currents start to 
decrease to render the active power constant while the active 
power fluctuates around the nominal value. Compared with the 
conventional controller, the proposed controller has a higher 
capability to overcome the voltage swell and significant better 
transient performance. 
 
 
Fig. 8 Response of the DFIG WT system to a phase-to-phase fault (a) DFIG stator 
voltage (b) Stator current (c) Rotor current (d) DFIG rotor speed (e) DC link 
voltage (f) Delivered active power (g) Delivered reactive power. 
 
Fig. 9 Response of the DFIG WT system to a double open circuit fault at the 
POC. (a) DFIG stator voltage (b) Stator voltage magnitude (c) Stator current (d) 
Rotor current (e) DFIG rotor speed (f) DC link voltage (g) Delivered active 
power (h) Delivered reactive power. 
VI. CONCLUSION 
A Nonlinear controller has been presented for the GSC to 
achieve high dynamic performance, decoupled control between 
the DC link voltage and reactive power and meanwhile injects 
more reactive power during voltage dips to support the system 
voltage. Additional terms have been augmented with The RSC 
controller to suppress the stator and rotor currents and limit the 
over-speed of the rotor during faults. Besides, the RSC is 
dedicated to release additional reactive power to fulfill the grid 
code reactive power support requirement. Intensive simulation 
case studies have been carried out to assess the impact of the 
proposed control strategy on the FRT of DFIG WT. 
 
The obtained output results reveal fast response with high 
dynamic performance for a wide range of operating conditions 
and assure the FRT capability of the proposed control strategy in 
compliance with the Danish grid code without additional 
hardware circuits. 
APPENDIX 
 
 
DFIG rated power, 2 MW; Number of pole pairs, 2; Stator 
resistance, 0.00488 p.u.; Stator leakage inductance, 0.1656 p.u.; 
Rotor resistance, 0.00549 p.u.; Rotor leakage inductance, 0.1763 
p.u.; Mutual inductance, 3.9257 p.u.; Lumped inertia constant, 3 
s; Rated rotor speed, 1.1 p.u.; Interface reactor resistance, 0.0063 
p.u.; Interface reactor inductance, 1.98 p.u.; Rated DC link 
voltage, 1200 V; DC link capacitor, 16000 μF; Transmission line 
impedance, 0.11+j0.32 Ω/km. 
 
REFERENCES 
 
 
 
[1] M. Mohseni and S. M. Islam, “Review of international grid codes for wind 
power integration: diversity, technology and a case for global standard”, 
Ren. Sustain. Energy Rev., vol. 16, no. 6, pp. 3876-3890, Aug. 2012. 
[2] M. Mohseni and S. M. Islam, “Transient Control of DFIG-Based Wind 
Power Plants in Compliance With the Australian Grid Code”, IEEE Trans. 
Power Electron., vol. 27, no. 6, pp. 2813-2824, Jun. 2012. 
[3] C. Wessels, F. Gebhardt, and F. W. Fuchs, “Fault ride-through of a DFIG 
wind turbine using a dynamic voltage restorer during symmetrical and 
asymmetrical grid faults”, IEEE Trans. Power Electron., vol. 26, no. 3, pp. 
807-815, Mar. 2011. 
[4] L. Yang, Z. Xu, J. Østergaard, Z. Y. Dong, and K. P. Wong, “Advanced 
control strategy of DFIG wind turbines for power system fault ride 
through”, IEEE Trans. Power Syst., vol. 27, no. 2, pp. 713-722, Jul. 2012. 
[5] A. E. Leon, J. M. Mauricio, and J. A. Solsona, “Fault ride-through 
enhancement of DFIG-based wind generation considering unbalanced and 
distorted conditions”, IEEE Trans. Energy Convers., vol. 27, no. 3, pp. 
775-783, Sept. 2012. 
[6] Energinet. Technical regulation 3.2.5 for wind power plants with a power 
output greater than 11 kW; September 2010. Available at: 
http://www.energinet.dk. 
[7] R. Sarrias, L. M. Fernández, C. A. García, and F. Jurado, “Coordinate 
operation of power sources in a doubly-fed induction generator wind 
turbine/battery hybrid power system”, Power sources., vol. 205, no. 1, pp. 
354-336, May 2012. 
[8] T. Sun, Z. Chen, F. Blaabjerg, “Transient Stability of DFIG Wind Turbines 
at an External Short-Circuit Fault”, Wind Energy, 2005, 8:345-360. 
[9]   M. Rashed, S. M. A. El-Anwar, F. M. H. Youssef, “Nonlinear control 
scheme for VSC-HVDC transmission systems”, 12th Int. Middle East 
Conf., MEPCON, 2008, pp. 486-491. 
[10] X. Yan, G. Venkataramanan, P. S. Flannery, Y. Wang, Q. Dong, and B. 
Zhang, “Voltage-sag tolerance of DFIG wind turbine with a series grid side 
passive-impedance network”, IEEE Trans. Energy Convers., vol. 25, no. 4, 
pp. 1048-1056, Dec. 2010. 
[11] N. Aparicio, , Z. Chen, H. Beltran, E. Belenguer, , “Performance of 
Doubly-Fed Wind Power Generators During Voltage Dips”, International 
Workshop on Next Generation Regional Energy System Development, 
IWRES07, (invited paper), Seoul, Korea, January 2007 
 
(QKDQFHG/957&RQWURO6WUDWHJ\IRU'),*%DVHG
:(&6LQ:HDN*ULG

6$EXODQZDU
(QHUJ\7HFKQRORJ\'HSDUWPHQW
6LQR'DQLVK&HQWUHIRU(GXFDWLRQDQG
5HVHDUFK
$DOERUJ8QLYHUVLW\
$DOERUJ'HQPDUN
HPD#HWDDXGN
=KH&KHQ
(QHUJ\7HFKQRORJ\'HSDUWPHQW
6LQR'DQLVK&HQWUHIRU(GXFDWLRQDQG
5HVHDUFK
$DOERUJ8QLYHUVLW\
$DOERUJ'HQPDUN
]FK#HWDDXGN
),RY
(QHUJ\7HFKQRORJ\'HSDUWPHQW
$DOERUJ8QLYHUVLW\
$DOERUJ'HQPDUN
IL#HWDDXGN

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'),*EDVHGZLQGHQHUJ\FRQYHUVLRQV\VWHP:(&6FRQQHFWHGWR
DZHDNJULGLVSUHVHQWHGLQWKLVSDSHU7KHFRPSOLDQFHZLWKWKHJULG
FRGHFRPPLWPHQWVLVDOVRFRQVLGHUHG$SURSRVHGGHFRXSOHGGRXEOH
V\QFKURQRXVUHIHUHQFHIUDPH''65)FXUUHQWFRQWUROOHULVDGRSWHG
IRUWKHGHVLJQRIJULGVLGHFRQYHUWHU*6&FRQWUROOHUWRFRXQWHUDFW
FXUUHQW RVFLOODWLRQV GXULQJ DV\PPHWULFDO IDXOWV DQG WDFNOH WKH'&
OLQN YROWDJH UXQDZD\ )RU D SUHFLVH GHWHFWLRQ RI WKH JULG YROWDJH
SRVLWLRQ HYHQ XQGHU VHYHUH YROWDJH GLSVXQEDODQFHG FRQGLWLRQV $
''65)3// LV SURSRVHG DQG DQDO\]HG WR H[WUDFW FOHDQ
V\QFKURQL]DWLRQ VLJQDO LQ RUGHU WR LPSURYH WKH RYHUDOO V\VWHP
SHUIRUPDQFH 0RUHRYHU D IDVW GHFRPSRVLWLRQ EDVHG SRVLWLYH DQG
QHJDWLYHVHTXHQFHDOJRULWKPLVXWLOL]HGIRUUDSLGIDXOWGHWHFWLRQDQG
WR HQJDJH WKH /957 SURWHFWLRQ VFKHPH )XUWKHUPRUH DGGLWLRQDO
FRPSHQVDWLRQWHUPVDUHLQFRUSRUDWHGZLWKWKHWUDGLWLRQDO*6&DQG
URWRU VLGH FRQYHUWHU56& FRQWUROOHUV WR HIIHFWLYHO\ VXSSUHVVURWRU
DVZHOODVVWDWRUFXUUHQWVDQGPHDQZKLOHUHJXODWHWKHURWRUVSHHG$
GLYHUVH VHW RI YROWDJH H[FXUVLRQV DUH FRQGXFWHG WR HYDOXDWH WKH
HIIHFWLYHQHVV RI WKH SURSRVHG FRQWURO VWUDWHJ\ XVLQJ
0$7/$%6,08/,1.SODWIRUP
.H\ZRUGVFRPSRQHQW '),* /957 ZHDN JULG ''65) 3// JULG
FRGH
, ,1752'8&7,21
0DQ\ FRXQWULHV DUH H[SHULHQFLQJ D UDSLG JURZWK RI ZLQG
HQHUJ\ LPSRVLQJ VLJQLILFDQW VWUHVVHV RQ WUDQVPLVVLRQ QHWZRUNV
$ VLJQLILFDQW SDUW RI WKH H[SHFWHG ZLQG HQHUJ\ ZLOO EH YLD
RIIVKRUHZLQG IDUPVZKLFK LVXVXDOO\ ORFDWHG DWD ORQJGLVWDQFH
IURP WKHPDLQ JULG &RQVHTXHQWO\ LW LV H[SHFWHG WKDW WKH VKRUW
FLUFXLW SRZHU RI SRZHU V\VWHPV ZLOO GHFUHDVH ZKLFK UHVXOWV LQ
RSHUDWLRQRIZLQGSRZHU LQZHDNJULGV >@ ,QWHJUDWLRQ RIZLQG
SRZHU LQWR ZHDN JULGV FDQ SRVH VHULRXV LPSDFWV UHJDUGLQJ
YROWDJH IOXFWXDWLRQ SRVWIDXOW SRZHU YDULDWLRQ DQG ILQLWH
WUDQVPLVVLRQ FDSDFLW\ WR DFFRPPRGDWH PRUH ZLQG SRZHU >@
$GYHUVH LPSDFWV RQ YROWDJH IUHTXHQF\ DQG V\VWHP VWDELOLW\
HPHUJHG LQ &KLQD RZLQJ WR WKH VWHDG\ LQFUHDVH RI ZLQG SRZHU
SHQHWUDWLRQ LQWR ZHDN QHWZRUNV >@ 'XH WR WKH SURJUHVVLYH
LQFUHDVH RI GHFHQWUDOL]HG ZLQG SRZHU SODQWV :33V WKH
WUDQVPLVVLRQ V\VWHP RSHUDWRUV 762 LQ PDQ\ FRXQWULHV KDYH
VWLSXODWHGVWULQJHQWUHJXODWLRQVWRWKHLQWHJUDWLRQ:33ZKLFKDUH
NQRZQ DV JULG FRGHV >@ )LJ D GHSLFWV WKH*HUPDQ 6FRWWLVK
DQG ,ULVK JULG FRGH ORZ YROWDJH ULGHWKURXJK /957
FRPPLWPHQW ZKLFK LPSOLHV WKDW WKH ZLQG WXUELQHV :7V PXVW
UHPDLQFRQQHFWHG LIWKHWHUPLQDOYROWDJHZLWKLQWKHVKDGHGDUHD
>@ $V VHHQ LQ )LJ D (21/957 LV RQHURXV DV LW UHTXHVWV
IDXOW ULGHWKURXJK )57 FDSDELOLW\ IRU GLIIHUHQW IDXOWV
DFFRPSDQLHGZLWK ]HUR YROWDJH GLSV IRU PV GXUDWLRQ ,ULVK
JULG FRGH UHTXLUHV )57 DJDLQVW IDXOWV ZLWK UHPQDQW YROWDJH RI
SXIRUPRUHWKDQPV$FFRUGLQJWRWKHJULGFRGHV:7V
QRW RQO\ KDYH WR ZLWKVWDQG JULG H[FXUVLRQV EXW DOVR SURYLGH
DQFLOODU\VHUYLFH UHJDUGLQJ UHDFWLYHSRZHUVXSSRUWDV WUDGLWLRQDO
JHQHUDWRUV WR UHFRYHU WKH DF YROWDJH )LJE LOOXVWUDWHV WKH
6SDQLVK DQG *HUPDQ UHDFWLYH SRZHU VXSSRUW REOLJDWLRQ
7\SLFDOO\ QR UHDFWLYH SRZHU VXSSRUW LV GHPDQGHG IRU YROWDJH
GLSV ZLWK UHPQDQW YROWDJH RI  SX 1HYHUWKHOHVV PD[LPXP
UHDFWLYH FXUUHQW VXSSRUW LV UHTXLUHG IRU YROWDJH GLSV EHORZ 
SX $PRQJ GLIIHUHQW WRSRORJLHV RI ZLQG HQHUJ\ FRQYHUVLRQ
V\VWHPV:(&6 'RXEO\IHG ,QGXFWLRQ JHQHUDWRU ZLQG WXUELQH
'),*:7LVLQWHQVLYHO\XVHGGXHWRFHUWDLQIHDWXUHVDVYDULDEOH
VSHHG RSHUDWLRQ DQG LQGHSHQGHQW FRQWURO RI DFWLYH DQG UHDFWLYH
SRZHUYLDXVLQJSDUWLDOVFDOHFRQYHUWHUVUDWHGDWRIUDWHG
SRZHU>@+RZHYHUGXHWRWKHGLUHFWFRQQHFWLRQRILWVVWDWRUWR
WKH JULG '),* LV VHQVLWLYH WR WKH JULG GLVWXUEDQFHV DQG WKXV
SURQHWRGLIIHUHQWVHULRXVGHIHFWV>@
7\SLFDOO\WZRPDLQGHILFLHQFLHVDUHUHSRUWHGLQWKHOLWHUDWXUH
IRU WKH '),* ZKLFK DUH WKH KLJKHU WUDQVLHQW VWDWRU DQG URWRU
FXUUHQWV DW WKH LQVWDQW RI DEUXSW YROWDJH GLS DVZHOO DV'& OLQN
RYHUYROWDJHGXHWRWKHLQDELOLW\RIWKHJULGVLGHFRQYHUWHU*6&WR
WUDQVPLW WKH VXUSOXV URWRU FLUFXLW SRZHU >@>@ 7UDGLWLRQDOO\ D
FURZEDULVDWWDFKHGWRWKHURWRUFLUFXLWDQGDFWLYDWHGGXULQJIDXOW
SHULRGV WR DGGUHVV WKH DIRUHPHQWLRQHG VKRUWFRPLQJV
1RQHWKHOHVV RQFH WKH FURZEDU LV HQJDJHG WKH URWRU VLGH
FRQYHUWHU56&LVRXWRIFRQWUROPHDQZKLOHWKHPDFKLQHEHKDYHV
DV FRQYHQWLRQDO LQGXFWLRQ JHQHUDWRU DEVRUELQJ KLJKHU UHDFWLYH
SRZHU >@ :LWK WKH DLG RI DGYDQFHG FRQWURO VFKHPHV GXULQJ
IDXOWV'),*/957FDQEHVXFFHVVIXOO\DFFRPSOLVKHG>@>@
$Q DQDO\WLFDO VWDELOLW\ VWXG\ RI D  0: SHUPDQHQW PDJQHW
:7FRQQHFWHGWRDFJULGRIZLGHO\YDU\LQJVWUHQJWKLVSUHVHQWHG
,(((
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E\1LFKRODV HW DO >@ ,W KDV EHHQ FRQFOXGHG WKDW RSHUDWLRQ RI
ZLQG SRZHU LQ ZHDN JULGV IRU 6&5V EHORZ  LV XQVDWLVIDFWRU\
XQOHVV LI DQ DGYDQFHG DF YROWDJH FRQWUROOHU LV DGRSWHG 7KH
LPSDFWRI JDLQ IDFWRU RI WKH LQMHFWHG UHDFWLYH FXUUHQW WR VXSSRUW
WKH DF YROWDJH IROORZLQJ VXGGHQ V\PPHWULFDO YROWDJH GLSV LQ
ZHDN JULGV ZDV LQYHVWLJDWHG E\ 7 1HXPDQQ HW DO >@ ,W ZDV
IRXQG WKDW IRU ZHDN JULGV KDYLQJ 6&5 RI :7 FDQ SURYLGH
UHDFWLYHSRZHUVXSSRUWWKURXJK IDVWYROWDJHFRQWUROZLWKRXWDQ\
DGGLWLRQDO GHYLFHV +RZHYHU IRU 6&5V EHWZHHQ  DQG 
DGGLWLRQDOFRPSHQVDWLRQGHYLFHV DUHUHTXLUHG WRFRPSHQVDWH WKH
YROWDJHOHYHO
7KLV SDSHU SUHVHQWV DQ HQKDQFHG FRRUGLQDWHG /957 FRQWURO
VWUDWHJ\IRU'),*:7RSHUDWLQJ LQZHDNJULGKDYLQJ6&5RI
XQGHU V\PPHWULFDO DV ZHOO DV DV\PPHWULFDO IDXOWV %HVLGHV WKH
SURSRVHGFRQWUROVFKHPHIXOILOOVWKHJULGFRGHVREOLJDWLRQV
$ GHFRXSOHG GRXEOH V\QFKURQRXV UHIHUHQFH IUDPH ''65)
FXUUHQWFRQWUROOHULVDGRSWHGIRUWKH*6&FRQWUROOHUWRFRXQWHUDFW
WKH ʹ߱ FXUUHQW RVFLOODWLRQV GXULQJ XQEDODQFHG RSHUDWLQJ
FRQGLWLRQVWRUHJXODWHWKH'&OLQNYROWDJHGXULQJVXFKFDVHV,Q
DGGLWLRQ LQ RUGHU WR FOHDQO\ H[WUDFW WKH IXQGDPHQWDO IUHTXHQF\
SRVLWLYHVHTXHQFH FRPSRQHQW RI JULG YROWDJH XQGHU YDULRXV
IDXOWV D ''65) EDVHG SKDVHORFNHG ORRS ''65)3// LV
XWLOL]HG $GGLWLRQDO SURSRVHG WHUPV DUH LQFRUSRUDWHG ZLWK WKH
FRQYHQWLRQDO3,FRPSHQVDWRUVRIWKH*6&DQG56&WRDYRLGWKH
URWRU DQG VWDWRU FXUUHQWV VZHOO GXULQJ YROWDJH LQWHUUXSWLRQV DQG
OLPLWLQJWKHURWRURYHUVSHHGDVZHOO

,, '),*:76<67(0'(6&5,37,21

)LJ  GHPRQVWUDWHV D VFKHPDWLF GLDJUDP RI D '),* :7
FRQQHFWHGWRWKHJULG7KHV\VWHPFRPSULVHVD0:'),*:7
GULYHWUDLQDQGSDUWLDOFRQYHUWHUV7KH'),*VWDWRUVLGHLVGLUHFWO\
FRQQHFWHG WR WKH JULGZKLOH WKH URWRU VLGH LV FRQQHFWHG YLD WZR
WZROHYHOEDFNWREDFN3:0FRQYHUWHUV7KH:7GULYH WUDLQ LV
UHSUHVHQWHG ZLWK WKH ZHOONQRZQ WZRPDVV PRGHO 7KH RYHUDOO
'),* :7 FRQWURO V\VWHP LV FRPSRVHG RI WZR OHYHO FRQWURO
VFKHPHV QDPHO\ ZLQG WXUELQH FRQWUROOHU DQG'),* FRQYHUWHUV
FRQWUROOHU7KHIRUPHUFRQWUROVWKH:7PHFKDQLFDORXWSXWSRZHU
YLD FRQWUROOLQJ WKH SLWFK DQJOH DQG SURYLGHV WKH UHIHUHQFH URWRU
VSHHG ߱௥ି௥௘௙  FRUUHVSRQGLQJ WR WKH PD[LPXP SRZHU SRLQW
WUDFNLQJ 0337 7KH ODWWHU LV GHGLFDWHG WR FRQWURO WKH '),*
FRQYHUWHUV IRU UHJXODWLQJ:7 RXWSXW DFWLYH DQG UHDFWLYHSRZHU
XVLQJYHFWRUFRQWUROWKHRU\

,,, *5,'6<1&+521,6$7,21

$ &RQYHQWLRQDO65)3//


7KH SUHFLVH GHWHFWLRQ RI WKH PDJQLWXGH DQG SKDVH DQJOH RI
SRVLWLYHVHTXHQFH JULG YROWDJH LV D FUXFLDO DVSHFW IRU UHOLDEOH
RSHUDWLRQ RI D JULGFRQQHFWHG SRZHU HOHFWURQLF FRQYHUWHU $
SKDVHORFNHG ORRS3// LV D V\QFKURQL]DWLRQ WHFKQLTXHXVHG WR
V\QFKURQL]H LWV RXWSXW VLJQDO LQ SKDVH DQG IUHTXHQF\ ZLWK DQ
LQSXWVLJQDO7KHPRVWZLGHO\XVHG3//ZLWKLQWKHDUHDRISRZHU
HOHFWURQLFVDQGSRZHUV\VWHPVIRUSRVLWLYHVHTXHQFHGHWHFWLRQLV
WKH WKUHHSKDVH 3// EDVHG V\QFKURQRXV UHIHUHQFH IUDPH65)
3//RIZKLFKVWUXFWXUH LVGHSLFWHG LQ)LJ>@$ UHOLDEOH3//
VKRXOGUHQGHUDFOHDQSKDVHDQJOHLUUHVSHFWLYHRIWKHJULGYROWDJH
ZDYHIRUP8QGHULGHDOXWLOLW\FRQGLWLRQV65)3//\LHOGVTXLFN
Q N) )
)LJXUH7\SLFDO:7*ULGFRGHUHTXLUHPHQWVD/957E5HDFWLYHSRZHU
VXSSRUW
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DQG DFFXUDWH GHWHFWLRQ RI JULG YROWDJH SRVLWLRQ :KLOVW XQGHU
GLVWRUWHGXQEDODQFHG JULG YROWDJH 65)3// VXIIHUV SRRU
G\QDPLF SHUIRUPDQFH HYHQ ZLWK UHGXFHG EDQGZLGWK >@ 6LQFH
JULG FRGHV UHTXLUH VWULQJHQW UHJXODWLRQV HYHQ ZLWK ]HUR YROWDJH
GLSVDKLJKHIILFLHQW3//FDSDEOHRIH[WUDFWLQJFOHDQSKDVHDQJOH
HYHQ ZLWK KLJKO\ GLVWRUWHG RU ]HUR JULG YROWDJH LV YLWDO IRU
DFKLHYLQJWKHJULGFRGHUHTXLUHPHQWV

% ''65)3//6WUXFWXUH
$Q HQKDQFHG 65)3// XVLQJ GRXEOH V\QFKURQRXV UHIHUHQFH
IUDPHV'65) URWDWLQJZLWKSRVLWLYH DQG QHJDWLYH V\QFKURQRXV
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VSHHGV LV NQRZQ DV '65)3// >@ $XJPHQWLQJ D GHFRXSOLQJ
FHOODOORZVIRUFDQFHOODWLRQRI WKHUHFLSURFDOʹ߱FRXSOLQJHIIHFW
RISRVLWLYHDQGQHJDWLYHVHTXHQFHEHWZHHQERWKUHIHUHQFHIUDPHV
7KHUHE\ SUHFLVH JULG V\QFKURQL]DWLRQ LV SRVVLEOH HYHQ XQGHU
XQEDODQFHXWLOLW\FRQGLWLRQV)LJVKRZVDEORFNGLDJUDPRIWKH
''65)3// 7KH HVWLPDWHG RXWSXW GT YROWDJH FRPSRQHQWV RI
WKH''65)3//FDQEHIRUPXODWHGDV>@
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7KH ORZ SDVV ILOWHU /3) FXWRII IUHTXHQF\Å ߱௙ FDQ EH
SURSHUO\ VHW WR UHWDLQ D EHWWHU GDPSLQJ SHUIRUPDQFH ZLWK IDVW
UHVSRQVH߱௙ ൌ ߱௦ ξʹΤ UDGV 
,WLVZRUWKPHQWLRQLQJWKDWDVWKH3//ILOWHULVORFDWHGRXWVLGH
WKHFRQWUROORRSWKH''65)3//EDQGZLGWKLVQRWDIIHFWHG

,9 '),*/957&21752/675$7(*<
$ )DXOW'HWHFWLRQ$OJRULWKP
)DVW IDXOW GHWHFWLRQ LV D NH\ SRLQW IRU UDSLG WULJJHULQJ RI WKH
)57FRQWUROVWUDWHJ\DQGHIIHFWLYHO\VXSSUHVVWKHODUJHWUDQVLHQW
FXUUHQWV $ IDXOW GHWHFWLRQ DOJRULWKP )'$ EDVHG SRVLWLYH DQG
QHJDWLYHVHTXHQFHFRPSRQHQWGHFRPSRVLWLRQLVDGRSWHGKHUH>@
,Q D EURDGHU FRQWH[W WKH GHWHFWLRQ PHWKRG LV FDSDEOH RI
GHFRPSRVLQJWKHVHTXHQFHFRPSRQHQWVXVLQJWKHVDPSOHGDWDDW
WZR SRLQWV RQ WKH WKUHHSKDVH ZDYHIRUP >@ +HQFH WKH
GHFRPSRVLWLRQ SURFHVV FDQ EH H[HFXWHG DIWHU RQH VDPSOLQJ
SHULRG 7KH VWDWRU YROWDJH SRVLWLYH VHTXHQFH FRPSRQHQW ௦ܸା LV
XVHGDVDQLQGLFDWRUIRUDIDXOW:KHQHYHU ௦ܸା ൏ ͲǤͻ݌Ǥ ݑǤDIDXOW
LV GHWHFWHG DQG WKHUHE\ WKH SURSRVHG )57 FRQWURO VWUDWHJ\ LV
DFWLYDWHGWRWDFNOHWKHIDXOW
S ABC6 −
6α
6β
 SINR R ω
COSR
AB
C
α
β
6α+
6β+
 6 6α β+ ++
S6 +
 
 
 SINR R ω
COSR

)LJXUH)DXOW'HWHFWLRQ6FKHPDWLF'LDJUDP
% *6&&RQWUROOHU
7KHPRGHORIWKH*6&LQDGTUHIHUHQFHIUDPHZKRVHGD[LVLV
DOLJQHGZLWKWKHVWDWRUYROWDJHYHFWRU6ഥ SFDQEHGHVFULEHGE\WKH
IROORZLQJVHWRIGLIIHUHQWLDOHTXDWLRQV
( ) ( )DG F F DG S QG DS DG FDI DT 2 , I I 6 6 ,ω= − + + − 
( ) ( )QG F F QG S QG QS QG FD I D T 2 , I I 6 6 ,ω= − − + − 
:KHUHVXEVFULSWV9LȦVLJQLI\YROWDJHFXUUHQWDQGDQJXODU
VSHHG6XEVFULSWVݏǡG UHIHU WR VWDWRU DQGJULG VLGHV ,QGH[HVGT
VWDQGIRUGLUHFWDQGTXDGUDWXUHD[HVRIGTUHIHUHQFHIUDPH2FÅ,F
UHIHUWRUHVLVWDQFHDQGLQGXFWDQFHRIWKH*6&LQWHUIDFHUHDFWRU
7KHDFWLYHDQGUHDFWLYHSRZHUH[FKDQJHEHWZHHQWKH*6&DQG
WKHJULGFDQEHIRUPXODWHGDV
( )G DS DG QS QG0 6 I 6 I= + 
( )G QS DG DS QG1 6 I 6 I= − 

7KH'&OLQNG\QDPLFVFDQEHZULWWHQDV


DCDC R G
D6# 0 0DT = −

7KH *6& FRQWUROOHU LV GHGLFDWHG WR UHJXODWH WKH '& OLQN
YROWDJH 9GF DQG FRQWURO WKH UHDFWLYH SRZHU IORZ EHWZHHQ WKH
*6& DQG WKH JULG 'XULQJ LGHDO FRQGLWLRQV WKH *6& XVXDOO\
RSHUDWHVZLWKDXQLW\SRZHUIDFWRUE\UHJXODWLQJ4JWR]HUR7KH
'&OLQNYROWDJHDQGUHDFWLYHSRZHUDUHFRQWUROOHGYLDUHJXODWLQJ
WKH JULG VLGH FRQYHUWHU DFWLYH DQG UHDFWLYH FXUUHQW FRPSRQHQWV
LGJLTJUHVSHFWLYHO\7KH*6&FRQWUROORRSVRXWSXWLVWKHUHIHUHQFH
*6& LQSXW YROWDJH9JDEF  )LJ  VKRZV 7KH*6& FRQYHQWLRQDO
FRQWURO VWUDWHJ\ 6XEVHTXHQW WR D IDXOW D ODUJH WUDQVLHQW URWRU
FXUUHQWZLOOIORZDQGDVXUSOXVURWRUSRZHUDVZHOOZKLFKQHHGWR
EH WUDQVPLWWHG E\ WKH *6& 2ZLQJ WR WKH WUDQVLHQW XQEDODQFHG
SRZHU IORZ EHWZHHQ 56& DQG *6& WKH '& OLQN YROWDJH ULVHV
TXLFNO\ >@ $FFRUGLQJO\ D SURSRVHG WHUP ൫ ௚ܲ ௗܸ௖Τ ൯ LV
DXJPHQWHG ZLWK WKH '& OLQN YROWDJH RXWHU FRQWURO ORRS GXULQJ
FRQWLQJHQFLHV WR UHIOHFW WKH PRPHQWDU\ IOXFWXDWLRQ RI WKH *6&
SRZHU DQG KHQFH HQKDQFLQJ WKH '& OLQN YROWDJH WUDQVLHQW
UHVSRQVH %HVLGHV WKH *6& LV GHGLFDWHG WR FRQWULEXWH WR WKH
UHDFWLYHFXUUHQWVXSSRUWGXULQJYROWDJHLQWHUUXSWLRQVWRVDWLVI\WKH
JULGFRGHUHTXLUHPHQWUHJDUGLQJUHDFWLYHSRZHUVXSSRUW
DC REF6 −
DC6
DGI
QGI
QG REFI −
DG6 ∗
QG6 ∗
 GABC
6 ∗S F,ω
S F,ω

S ABC6 −
G ABCI −
Sθ
DGI
QGI
DC#

G DC0 6
DG REFI −
QT ,, 


)LJXUH&RQYHQWLRQDO*6&FRQWUROVFKHPH
& 3URSRVHG*6&&RQWUROOHU
9ROWDJHVDJVFDQJLYHULVHWRXQEDODQFHGJULGYROWDJHVZKLFK
PD\ UHVXOW LQ VXVWDLQHG RVFLOODWLRQV LQ WKH GHOLYHUHG DFWLYH DQG
UHDFWLYHSRZHU:KLOVWLWLVJHQHUDOO\DFFHSWHGWKDWWUDGLWLRQDO65)
GT FXUUHQW FRQWUROOHUV DUH H[WHQVLYHO\ XVHG DQG LPSOHPHQWHG LQ
GLIIHUHQW DSSOLFDWLRQV 1HYHUWKHOHVV WKH SHUIRUPDQFH RI VXFK
FRQWUROOHUVGXULQJXQEDODQFHGFRQGLWLRQVLVGHILFLHQW >@'65)
IRU FRQWUROOLQJ SRVLWLYH DQG QHJDWLYH VHTXHQFHV XVLQJ 3,
FRPSHQVDWRUVVHHPVWREHEHWWHUVROXWLRQIRUXQEDODQFHGXWLOLWLHV
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$Q'65)GTFXUUHQWFRQWUROOHULQFRUSRUDWHGZLWKGHFRXSOLQJFHOOV
WRHOLPLQDWHWKHPXWXDOʹ߱FURVVFRXSOHGRVFLOODWLRQVDULVLQJIURP
SRVLWLYHDQGQHJDWLYHVHTXHQFHFXUUHQWVLVDGRSWHGDQGGHGLFDWHG
IRU WKH FRQWURO RI WKH*6&ZKLFK NQRZQ DV''65)GT FXUUHQW
FRQWUROOHU>@
6LPLODU WR WKH GHFRXSOLQJ FHOOV DSSURDFK XVHG IRU ''65)
3//WKHUHVXOWDQW''65)GTFXUUHQWFRQWUROOHUFDQEHH[SUHVVHG
DV
 ( ) 	  	S S S SJ JG DQ G DQ G DQ DQG REF DQGI I E I E I Iθ θ θ θ+ − + −− − − −+ + − − −− − − −′ = + ⋅ − ⋅ − Δ 
$&7HUP'HFRXSOLQJFHOO
( ) 	  	S S S SJ JG DQ G DQ G DQ DQG REF DQGI I E I E I Iθ θ θ θ− + − +− − − −− − + + +− − − −′ = + ⋅ − ⋅ − Δ 
$&7HUP'HFRXSOLQJFHOO

7KH /3) FXWRII IUHTXHQF\߱௙ LV VHOHFWHG DVሺ߱௙ ൌ ߱௦ ξʹΤ 
UDGVWKH''65)FRQWUROOHUEORFNGLDJUDPZKLFKDEULGJHVLV
VKRZQ LQ )LJ 7KH RXWHU FRQWUROOHU RI WKH ''65) FXUUHQW
FRQWUROOHULVWKHVDPHDVWKDWLQ>@
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)LJXUH*6&''65)GTFXUUHQWFRQWUROOHU

' 56&&RQWUROOHU
,Q QRUPDO RSHUDWLRQ WKH '),* VWDWRU DFWLYH DQG UHDFWLYH
SRZHU GHFRXSOHG FRQWURO FDQ EH UHDOL]HG WKURXJK YHFWRU FRQWURO
WHFKQLTXHZLWK D UHIHUHQFH IUDPHDOLJQHGZLWK WKH VWDWRU YROWDJH
YHFWRU7KH56&FRQWUROVWUXFWXUHLVDVVKRZQLQ)LJ7KH56&
FRQWUROVWUDWHJ\LVLPSOHPHQWHGLQDV\QFKURQRXVUHIHUHQFHIUDPH
ZLWKWKHGD[LVRULHQWHGZLWKWKH'),*VWDWRUYROWDJH7KH56&LV
GHGLFDWHG WR DWWDLQ GHFRXSOHG FRQWURO RI VWDWRU VLGH DFWLYH DQG
UHDFWLYHSRZHUVDQGDOVRSURYLGHVWKH'),*ZLWKDYDULDEOHVSHHG
RSHUDWLRQ 7KH GD[LV FRQWURO ORRS UHJXODWHV WKH VWDWRU DFWLYH
SRZHU0SYLDUHJXODWLQJWKHUHIHUHQFHURWRUDFWLYHSRZHUFXUUHQW
FRPSRQHQWLGUUHI ZKLFKLVJHQHUDWHGE\ WKH RXWHUFRQWUROORRS
WKDW SURYLGHV YDULDEOH VSHHG RSHUDWLRQ DFFRUGLQJ WR WKH :7
0337 7KH TD[LV FRUUHVSRQGV WR WKH VWDWRU UHDFWLYH SRZHU
FRQWURO ZKLFK LV FRQWUROOHG WKURXJK WKH UHIHUHQFH URWRU UHDFWLYH
SRZHUFXUUHQWFRPSRQHQWLTUUHI 7KHRXWSXWRIWKHFRQWUROORRSV
LVWKH56&LQSXWYROWDJH9UDEF 2QFHWKHVWDWRUYROWDJHGLSVWKH
'),*GHOLYHUHGRXWSXWSRZHUGHFUHDVHVDVZHOO0HDQZKLOH WKH
UHIHUHQFH LQSXW SRZHU VKRXOG EH UHVWUDLQHG WR UHJDLQ SRZHU
EDODQFHRWKHUZLVHSRZHULPEDODQFHZLOOJLYHULVHWRKLJKHUURWRU
FXUUHQWDQGURWRURYHUVSHHG8QGHUQRUPDORSHUDWLRQWKH'),*
RXWSXWSRZHUFDQEHGHILQHGDV

T OPT R REF0 K ω −= 
:KHUH  MAX
 
 B B P
OPT
G OPT
! R #K
.
ρ
λ
−
=

7R VXSSUHVV WKH URWRU DV ZHOO DV VWDWRU FXUUHQWV GXULQJ
FRQWLQJHQFLHVZKHQHYHUDIDXOW\FRQGLWLRQLVGHWHFWHGWKH0337
LVGHDFWLYDWHGDQGWKHUHIHUHQFHDFWLYHSRZHULVJLYHQE\>@
( ) S REF P OPT S SO R REF0 K K 6 6 ω− −= 
:KHUH NS LV D UHGXFWLRQ IDFWRU 9V 9V VLJQLI\ WKH VWDWRU
YROWDJH SUH DQG GXULQJ WKH IDXOW UHVSHFWLYHO\ (TXDWLRQ ³´
LPSOLHV WKDW WKH URWRU DFWLYH SRZHU FXUUHQW FRPSRQHQW ZLOO EH
UHGXFHGGXULQJWKHIDXOWEXWSXUVXLQJOHVVDFWLYHSRZHUSURGXFWLRQ
ZKLFKLVUHFRPPHQGHGE\WKH%ULWLVKDQG'DQLVKJULGFRGHV>@
>@ )XUWKHUPRUH WKH 56& FRQWUROOHU FRQFXUUHQWO\ UHOHDVHV
UHDFWLYHFXUUHQWVXSSRUWZLWKWKHUHPQDQWURWRUFXUUHQWWRVDWLVI\
WKHJULGFRGHUHDFWLYHSRZHUVXSSRUWFRPPLWPHQW

WVβ
Rω S REF0 −
S REF1 −
S0
S1
DR REFI −
DRI
DR6 ∗
QR6 ∗
( )SLIP R QR MQS,I , Iω +
( )SLIP R DR MDS,I , Iω +
SN1∗
RABC6 ∗
SLIPθQR REFI −

S
P OPT R REF
SO
6K K6 ω −
§ ·¨ ¸¨ ¸© ¹
S ABC6 −
DQRI
SθD DTSω
R ABCI −
Rθ Rω
SLIPθ
SLIPω
 S ABCI −S0
S1
Sθ
SLIPθ
DQRI
DC#
QT ,,  QRI
DSI
QSI )LJXUH56&FRQWUROVFKHPH

9 6,08/$7,219(5,),&$7,216
7R FODULI\ WKH HIIHFWLYHQHVV RI WKH SURSRVHG FRQWURO VWUDWHJ\
XQGHUGLYHUVHH[FXUVLRQVDVHWRIVLPXODWLRQVDUHFRQGXFWHGIRUD
0:'),*:7V\VWHPVKRZQLQ)LJ7KHV\VWHPLVVLPXODWHG
LQ WKH 0$7/$%6,08/,1. SODWIRUP 7KH VLPXODWLRQV DUH
FDUULHGRXWDWWKHQRPLQDOZLQGVSHHGRIWKH:7PV
)RU WKH VDIHW\ RI V\VWHP RSHUDWLRQ WKH PD[LPXP DOORZHG
OLPLW IRU WKH'&YROWDJH LV SX 6WDWRU DQG URWRUSURWHFWLRQ
WKUHVKROGVDUHVHWWRSX+RZHYHUWKH56&FDQVXVWDLQSX
RYHUFXUUHQW IRU D YHU\ VKRUW WLPH >@ 0RUHRYHU WKH SLWFK
FRQWUROOHU ZLOO EH DFWLYDWHG GXULQJ YROWDJH GLSV WR UHJXODWH WKH
URWRU VSHHG 7R KROG D IDLU FRPSDULVRQ WKH IDXOW GHWHFWLRQ
DOJRULWKPDQGWKH)57DGGLWLRQDOWHUPVIRU56&DQG*6&ZLOOEH
DGGHGWRWKHFRQYHQWLRQDOFRQWUROVWUDWHJ\ZLWKLQWKHVLPXODWLRQV
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$ /9572SHUDWLRQDO6FHQDULR

7KHV\VWHPUHVSRQVH WRDV\PPHWULFDO͵߶ IDXOWሺ ௙ܺ ௙ܴΤ ൌ ͷሻ
LQWKHWUDQVPLVVLRQV\VWHPVHH)LJZLWKGXUDWLRQRI V LV
GHSLFWHGLQ)LJ'XULQJWKHIDXOWWKHVWDWRUYROWDJH)LJD
IDOOVGRZQWRZKLFKFRUUHVSRQGVWRDVHYHUHIDXOWZKLOHWKH
)57SURWHFWLRQLVWULJJHUHGYLDWKH)'$IRUSURWHFWLRQSXUSRVH
$W W V WKH IDXOW LV FOHDUHG DQG ODWHU WKH QRUPDO RSHUDWLRQ LV
UHWULHYHG $W WKH RQVHW RI YROWDJH GLS KLJKHU VWDWRU DQG URWRU
WUDQVLHQWFXUUHQWVDUHQRWLFHGLQ)LJFI2ZLQJWRWKHDEUXSW
LQFUHDVH RI WKH URWRU FXUUHQW WKH URWRU SRZHU IHG WR WKH *6&
WKURXJK WKH '& OLQN VLPXOWDQHRXVO\ LQFUHDVHV ZKLFK FDXVHV
KLJKHU '& YROWDJH RVFLOODWLRQV GXH WR ORZHU DF YROWDJH DW WKH
*6&WHUPLQDOV
&RPSDUHGZLWKWKHSURSRVHGFRQWUROVWUDWHJ\WKH'&YROWDJH
IRU WKH FRQYHQWLRQDO VFKHPH HQFRXQWHUV KLJKHU VSLNH  SX
DQG HYHQ H[FHHGV WKH VDIH PDUJLQV DV UHFRUGHG LQ )LJO
ZKHUHDV LQ FDVH RI WKH SURSRVHG VWUDWHJ\ WKH '& YROWDJH LV
HIIHFWLYHO\ UHJXODWHG LQ WKH DOORZHG UDQJH ZLWK IDVWHU UHVSRQVH
DQGORZHUVHWWOLQJWLPHVHH)LJN
0RUHRYHULWFDQEHVHHQIURPWKHUHVXOWV)LJPQWKDWWKH
DFWLYDWLRQ RI WKH )57 VFKHPH LQ WKH 56& FRQWUROOHU SOD\V D
VLJQLILFDQW UROH LQ UHJXODWLQJ WKH SRZHU EDODQFH PLVPDWFK E\
UHGXFLQJWKH'),*LQSXWSRZHULQUHVSRQVHWRWKHRXWSXWSRZHU
UHGXFWLRQGXHWRWKHIDXOWDQGWKXVOLPLWLQJVWDWRUDVZHOODVURWRU
FXUUHQWV)LJFIE\ERWKFRQWUROPHWKRGV
7KH URWRURYHUVSHHG LV DOVR OLPLWHG VXEVHTXHQW WR WULJJHULQJ
WKH SLWFK FRQWURO VHH )LJ LM $FFRUGLQJ WR WKH JULG FRGH
)LJE UHDFWLYH FXUUHQW VXSSRUW VKRXOG EH UHVXPHG ZLWK WKH
YROWDJHGLSUHPQDQWYDOXHEHORZSX)LJRSGHPRQVWUDWHV
WKH:7UHDFWLYHSRZHUFXUUHQWFRPSRQHQWUHOHDVHGLQUHVSRQVHWR
WKH YROWDJH GLS YLD VWDWRU DQG*6& VLGHV 2EYLRXVO\ LW FDQ EH
VHHQ WKDW WKH UHDFWLYH FXUUHQW LQ FDVH RI WKH SURSRVHG PHWKRG
DWWDLQ LWVPD[LPXPYDOXHVWHDGLO\GXULQJ WKH IDXOWZKLOH IRU WKH
FRQYHQWLRQDOPHWKRGIOXFWXDWHVDQGORVHVWKHVXFFHVVIXOUHDFWLYH
FXUUHQW VXSSRUW 7KLV FDQ EH DWWULEXWHG WR WKH ORVV RI WKH H[DFW
YHFWRUFRQWURORULHQWDWLRQDVDFRQVHTXHQFHWRWKHVHYHUHYROWDJH
GLS ZLWK  GURS GXH WR WKH IOXFWXDWLRQ FDXVHG E\ WKH ORZHU
ZHDN JULG 6&5 DV QRWLFHG LQ )LJEG  2Q WKH RWKHU KDQG
)LJDFHYLGHQFHV WKDW7KH''65)3//H[WUDFWVDFOHDQ DQG
XQDIIHFWHG V\QFKURQL]DWLRQ VLJQDO ZKLFK LQ WXUQ HQKDQFHV WKH
RYHUDOOV\VWHPSHUIRUPDQFHXQGHUVXFKVHYHUIDXOWDQGDOVRIXOILOO
WKHJULGFRGHUHTXLUHPHQW

% $V\PPHWULFDO)DXOWV5HVSRQVH
$V\PPHWULFDO IDXOWV DUH ZLGHO\ UHFXUULQJ DQG DFFRPSDQLHG
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Abstract— This paper presents an improved coordinated fault ride-
through (FRT) control strategy for a doubly fed induction generator 
(DFIG) based wind turbine, (WT), in a weak grid. A technique for 
grid synchronization against voltage excursions, i.e., a Dual Second 
Order Generalized Integrator – Frequency Locked Loop (DSOGI-
FLL) is utilized to extract a robust grid voltage synchronization 
signal irrespective of the mains condition to enhance the overall 
system performance.  Besides, a decoupled double synchronous 
reference frame (DDSRF) dq current controller is devoted for the 
grid side converter, (GSC), controller to counteract current ripples 
and tackle the DC link voltage fluctuations. Also, a reactive power 
support scheme to manage the DFIG reactive power during 
contingencies and fulfill the grid codes obligations is presented. 
Moreover, additional control terms are employed with the DFIG 
converters controllers to counteract rotor as well as stator currents 
and regulate the rotor speed. Simulation results which assure the 
effectiveness of the proposed control scheme is presented. 
Index Terms— DFIG, DSOGI-FLL, FRT, grid code, weak grid. 
I. INTRODUCTION 
Wind energy conversion systems (WECS) are typically 
located in remote zones and connected to the grid via long 
feeders with lower short circuit ratios (SCRs). In the areas which 
geographically rich in wind energy, the transmission of huge 
amount of wind power to the power grid is restricted due to the 
transmission network weak structure [1]. In a weak grid, a 
change in active and/or reactive power can pose considerable 
voltage variation which can be a limiting factor for the 
integration of more wind power [2]. Besides, the impact of WT 
output power on the voltage quality can be another limiting 
factor which necessitates the incorporation of enhanced control 
systems to address such defects [2], [3]. 
Owing to the steady growth of decentralized wind power 
plants, (WPPs) many countries have imposed stringent 
regulations to the (WPPs) integration which known as grid codes 
[3]-[5].    Fig. 1.a shows the low voltage ride-through (LVRT) 
regulation for the German, Scottish and Irish grid code in which 
the wind turbines (WTs) must stay connected when the terminal 
voltage lies in or above the shaded area [3]. As illustrated in Fig. 
1.a, E.ON LVRT demands fault ride-through (FRT) for voltage 
levels down to zero with 150 ms duration. Moreover, WTs 
should release reactive power support as traditional generators to 
boost and recover the ac voltage. Fig.1.b depicts the German and 
Spanish reactive power support requirement. Basically, reactive 
current support is substantial for voltage dips with remnant 
voltage less than 0.9 p.u., while full reactive current support is 
necessary for severe voltage dips with remnant voltage lower 
than 0.5 p.u [3], [4]. DFIG WTs, are extensively preferred due to 
variable speed operation using partial scale converters rated at 
25-30% that allows for independent control of active and reactive 
power [4]. Nevertheless, DFIG is sensitive to the grid faults and 
thus prone to various serious issues due to the direct connection 
of its stator to the grid [2]-[4]. 
Subsequent to a fault, the rotor side and grid side converters, 
RSC, GSC respectively are prone to overcurrents and 
overvoltage unless an additional protection is incorporated. 
Usually, a crowbar circuit is inserted in the rotor side and 
activated upon fault detection to mitigate the above-mentioned 
shortcomings. However, triggering the crowbar results in 
blocking the RSC, meanwhile the machine absorbs higher 
reactive power as a conventional induction generator [3]. Using 
advanced control strategies, DFIG LVRT can be dramatically 
achieved [2]-[5]. 
In [5], a stability study for a permanent magnet WT connected 
to a weak grid is presented. It was shown that the operation of 
WTs in weak grids with SCRs below 4 is viable by means of 
advanced ac voltage controllers. The influence of the injected 
reactive current control to support the ac voltage due to 
symmetrical faults in a weak grid is investigated in [6]. It has 
been concluded that, DFIG WT can readily provide reactive 
power support via fast voltage control for weak grids with SCR 
of 4. Despite this, further compensation circuits are necessary to 
support the terminal voltage for SCRs between 2 and 3. 
This paper provides an improved coordinated FRT control 
scheme for DFIG WT connected to a weak grid of SCR of 3 
under different contingencies to fulfill the grid code 
requirements. 
Typically, classical synchronous reference frame (SRF) dq 
current controllers render deficient performance during 
unbalanced utility conditions.  To overcome such shortcoming, a 
decoupled double synchronous reference frame, (DDSRF) 
current controller is dedicated to control the GSC to tackle the 
double-frequency current oscillations and regulate the dc link 
voltage during disturbances. A reactive power support control 
scheme is presented to effectively satisfy the grid codes reactive 
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power boost obligation.  Besides, a Dual Second Order 
Generalized Integrator – Frequency Locked Loop (DSOGI-FLL) 
is utilized so as to furnish a robust grid voltage synchronization 
signal against various perturbations.  
For better regulation of the transient rotor currents, 
proportional integral plus resonant, PIR controllers are employed 
in the RSC controller. Additional proposed blocks are integrated 
with the DFIG converters controllers, to mitigate the rotor and 
stator overcurrents during voltage interruptions. 
 
II. DFIG WT CAPABILITY LIMITS 
The capability limits of a 2 MW DFIG considering stator and 
rotor currents heating constraints due to Joule’s losses, maximum 
and minimum active and reactive power is shown in Fig.2 [1]. 
Identifying the control abilities of the DFIG aims at optimally 
design the DFIG control system in order to improve the system 
operation. More details about such capability limits can be found 
in [2]. 
III. GRID SYNCHRONIZATION  
 
A. SRF-PLL Synchronization 
 
Among the different aspects for the control of the grid-
connected converters, is the exact synchronization with the utility 
voltage. Phase Locked Loop, PLL based synchronous reference 
frame, SRF-PLL is the most intensively used technique for 
detecting the magnitude and position of the positive-sequence 
grid voltage.  
The basic structure of SRF-PLL is shown in Fig.3. Despite its 
good behaviour under normal conditions, SRF-PLL provides 
poor dynamic response under unbalanced grid conditions even 
with reduced bandwidth [7].  
 
B. DSOGI-FLL Synchronization  
Fulfilling the grid codes requirements and keeping the WT 
connected during contingencies entails the usage of alternative 
synchronization technique. Dual Second Order Generalized 
Integrator, DSOGI based Frequency Locked Loop, DSOGI-FLL 
is an insensitive frequency-adaptive synchronization mechanism 
which benefits the instantaneous symmetrical component 
analysis considering adaptive filters [7]. Being frequency-based, 
DSOGI-FLL can efficiently ride-through the grid perturbations, 
provides a clean synchronization signal and attenuates grid 
voltage high-frequency components [8]. Fig. 4 illustrates the 
DSOGI-FLL structure. Further details about DSOGI-FLL can be 
obtained from [7], [8]. Performance comparison between SRF-
PLL and DSOGI-FLL will be presented through the simulation. 
 
 
IV. PROPOSED DFIG FRT CONTROL SCHEME 
 
This section provides an insight into the coordinated DFIG 
FRT control strategy used to improve the system performance 
and meanwhile satisfy the grid codes requirements. 
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Figure 1. Typical WT Grid code requirements, (a) LVRT (b) Reactive power 
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Figure 2. DFIG capability limits (a) Capability limits (b) Final capability area 
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Figure 3. SRF-PLL basic structure 
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Figure 4. DSOGI-FLL basic structure 
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Figure 5. Reactive power control scheme 
A. Reactive Power Support Control Scheme 
A cascaded reactive power control scheme (see Fig.5) devoted 
to manage the reactive power sharing via DFIG stator as well 
GSC sides is adopted here [3]. The priority for the reactive power 
aid is given to the DFIG stator side -which processed via the 
RSC control- followed by the GSC side whenever the stator side 
attains the limit - due to severe faults - which pre-defined through 
the DFIG capability limit mentioned in section II. The reactive 
power support is initiated once the rms stator voltage, ௦ܸ slips 
more than 0.1 p.u (see Fig.1) out of the reference value, ௦ܸି௥௘௙. 
Typical limiters are incorporated to ensure that the released 
reactive power does not overtake the respective capability limits 
of stator and GSC each. Such management scheme is efficient as 
the GSC reactive power support starts subsequent to the stator 
side injection which allows for active power transmission at the 
fault onset and thus mitigating the unwanted transient DC voltage 
fluctuations. 
 
B. RSC Control Scheme 
The stator side active and reactive powers, ௦ܲ , ܳ௦ can be 
regulated via acting on the respective rotor dq voltage 
components.  The RSC applied control scheme is demonstrated in 
Fig.6. The RSC controller is implemented in a reference frame of 
which d-axis is aligned with the stator voltage vector.  
For further improvement of the RSC transient response, PIR 
current regulators are employed in the RSC controller as shown in 
Fig. 7 [9]. The parallel resonant blocks are tuned at ߱௦, 2߱௦. ߱௖ is 
the cut-off frequency and ݇௜௥  is the proportional gain at the 
resonant frequency. Hence, the RSC dq voltage components are 
set as: 
( ) ( )dr dr ref dr slip r qr m qsv PIR i i L i L iω−= − − +  
( ) ( )qr qr ref qr slip r dr m dsv PIR i i L i L iω−= − + +  
 
Where, ݅ௗ௥, ݅௤௥ are the rotor active and reactive current 
components respectively. ݅ௗ௦, ݅௤௦ are the stator side active and 
reactive current components. ωୱ୪୧୮ is the slip frequency. ܮ௥, ܮ௠ 
refer to rotor and magnetizing inductances. 
The stator active and reactive powers, ௦ܲ, ܳ௦ can be regulated 
via the RSC currents, ݅ௗ௥, ݅௤௥  and subsequently rotor dq voltage 
components, ݒௗ௥, ݒ௤௥ . 
 Whenever the stator voltage dips, the DFIG output power 
decreases as well. Accordingly, to tackle the transient rotor as 
well as stator currents and maintain the power balance, the MPPT 
is deactivated and the reference active power is set as [10]: 
( )2 3s ref p opt s so r refP k k V V ω− −=  
                  3 3 3
max0.5opt b b p g optk A r C Nρ λ−=  
 
Where, kp is a gain factor. Vs0, Vs refer to the stator voltage 
before and during the fault respectively and ߱௥ି௥௘௙ is the 
reference rotor speed. With “2”, tiny active power supply is 
sustained during severe faults as recommended by the British and 
Danish grid codes [3], [10]. With the aid of the reactive power 
support scheme, the RSC concurrently injects reactive current 
support with the remnant rotor current to fulfill the grid code 
commitment and restore the ac voltage. 
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Figure 6. RSC control scheme 
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Figure 7.  RSC PIR inner current controller  
 
C. Conventional GSC Control Scheme 
Likewise, the GSC controller is applied in a reference frame 
whose d-axis is oriented with the stator voltage൫ݒ௤௦ ൌ 0൯. The dc 
link voltage, ௗܸ௖ and the reactive power exchanged between the 
grid and the GSC sides,ܳ௚ can be controlled through acting on 
the dq GSC voltage components which can be expressed as: 
dg ds s f qg f dg f dgv v L i L di dt R iω= + − −             (4) 
qg s f dg f qg f qgv L i L di dt R iω= − − −                            (5) 
Where, subscripts, v,i,ω, stand for voltage, current, and 
angular speed. Subscripts, ݏ,g signify stator and grid sides. 
Indexes d,q stand for direct and quadrature axes of dq reference 
frame. Rf ,Lf refer to GSC interface reactor resistance and 
inductance. 
The active and reactive power flow between the GSC and the 
grid can be written as: 
1.5g ds dgP v i=                                     (6) 
1.5g ds qgQ v i= −                                  (7) 
 
The DC link dynamics is given by: 
2
1
2
dc
dc r g
dV
C P P
dt
= −
 
In normal conditions, the GSC typically operates with a unity 
power factor, Qg ൌ 0 . Fig. 8 illustrates The GSC traditional 
control scheme. To mitigate the dc voltage fluctuations during 
interruptions, a proposed term ൫ ௚ܲ ௗܸ௖⁄ ൯ is activated and added to 
(8) 
(3) 
(2) 
(1.a) 
(1.b) 
(10) 
the dc link voltage control loop to reflect the transitory variation 
of the GSC power. The latter can be attributed to the power 
imbalance between the RSC and GSC resulting from the surplus 
rotor power followed by the transient voltage dip which 
adversely impacts the dc voltage transient response [3]. 
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Figure 8. Conventional GSC control scheme 
D. Proposed GSC Controller 
Undoubtedly, LVRT and the associated DFIG WT converters 
control is a key point to satisfy the grid code requirements. 
Unbalanced grid voltages emerging from asymmetrical voltage 
dips can certainly cause sustained oscillations in the DFIG 
generated active and reactive power. Though this demerit can be 
overcome via injecting appropriate unbalanced currents by 
negative sequence controllers, the conventional SRF dq current 
controllers cannot accurately accomplish such objective due to 
sluggish dynamic performance [11].  
Using DDSRF based PI regulators for controlling positive and 
negative sequences has been intensively implemented and thus 
can meet the target under such unbalanced grid conditions. Fig.9 
shows the DDSRF respective positive and negative reference 
frames (݀ݍା, ݀ݍି) rotating with the synchronous speed (േ߱௦) 
with angular positions (േߠᇱ) respectively. In this regard, 
decoupling cells to eliminate the reciprocal double-frequency 
cross-coupled ripples affecting both SRFs are added to enhance 
the controller performance during unbalanced conditions [10].  
 
Thereby, the resultant DDSRF dq current controller can be 
expressed as [11]: 
 ( )( ) ( )s s s sj jg dq g dq g dq dqg ref dqgi i e i e i iθ θ θ θ+ − + −− − − −+ + − − −− − − −′ = + ⋅ − ⋅ −Δ  
                             AC Term                   Decoupling Term
( )( ) ( )s s s sj jg dq g dq g dq dqg ref dqgi i e i e i iθ θ θ θ− + − +− − − −− − + + +− − − −′ = + ⋅ − ⋅ − Δ  
               AC Term                  Decoupling Term
 
The cut-off frequency of the LPF, ௙߱ is selected as           
ሺ ௙߱ ൌ ߱௦ √2⁄ ) rad/s. A schematic diagram that abridges (9-10) 
for the GSC DDSRF dq current controller is shown in Fig.10. The 
outer controller of the DDSRF current controller is the same as 
that in [12]. 
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Figure 9. DDSRF respective reference frames phasor diagram 
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Figure 10. GSC DDSRF dq current controller 
  
 
V. SIMULATION VERIFICATIONS 
A 2 MW, 0.69kV DFIG WT system used for the simulation is 
shown in Fig.11. The system is modeled and simulated in 
MATLAB/SIMULINK environment to evaluate the effectiveness 
of the proposed control strategy under various excursions. The 
simulations tests are performed at the nominal WT wind speed 
(11.4m/s). Whenever, a voltage dip is detected, the FRT 
protection strategy is enabled to safeguard the DFIG WT and the 
associated converters. Throughout the simulations, the maximum 
allowed dc voltage is set as 1.25 p.u. Stator and rotor currents 
protection maxima are set to 1.5 p.u. Nonetheless, the DFIG 
system converters, i.e., RSC and GSC can sustain 2 p.u 
overcurrent for a transitory time [4]. Furthermore, the pitch 
controller will be triggered in case of severe voltage dips to 
handle the rotor speed.  
 
Figure 11. Schematic diagram of the system under study 
 
 
A. Symmetrical Fault Response 
 
Initially, the DFIG WT is supplying the rated output power 
while the delivered reactive power is set to zero (Qୱ, Q୥ ൌ 0). The 
corresponding DFIG rotor speed is ω୰ ൌ 1.1 p.u. At t=0.7s, the 
system is subjected to a severe symmetrical 3߶ fault       
ሺ ௙ܺ ௙ܴ⁄ ൌ 5ሻ in the transmission line (see Fig. 11). The fault lasts 
(9) 
for 500 ms and cleared at 1.2s while normal operation is 
retrieved later as depicted in Fig. 12. The stator voltage          
(Fig. 12.a) drops to 95% during the fault, meanwhile the FRT 
protection is activated via a fault detection algorithm as that in 
[4]. Subsequent to the voltage dip, higher stator and rotor 
transient currents are noticed in Fig. 12.c-f. As a consequence to 
the transient rotor current growth, the GSC absorbed power -via 
the RSC side- rises instantaneously, which results in higher dc 
voltage fluctuations. However, the proposed control strategy is 
superior to its counterpart in maintaining the dc link voltage 
within the allowed limits as seen in Figs.12.k,l. 
Besides, the adopted RSC fault ride-through, FRT, strategy in 
in both control schemes (see Figs.12.m,n) proved to regulate the 
power imbalance via curtailing the DFIG input power based on 
“2” in response to the reduction of the DFIG active power caused 
by the voltage dip and accordingly restricting stator as well as 
rotor overcurrents (Fig.12.c-f). Moreover, the pitch controller is 
engaged during the fault so as to regulate the rotor speed as seen 
in Figs. 12.i,j which still below the threshold limit (1.3 p.u.).  
As reactive current aid should be released as a consequence to 
the stator voltage dip as stipulated by the grid codes (see Fig.1.b), 
the aforementioned reactive power scheme (see Fig.5) is 
activated to achieve this target in response to the stator voltage 
dip. The reactive current support led by the WT is shown in 
Figs.12.o,p. Though adopting the same reactive power scheme, it 
can be obviously noted from Fig.12.o that the proposed control 
method holds steadily the maximum reactive current support 
during the fault whereas, the conventional control method 
experiences unsuccessful reactive current support as depicted in 
Fig.12.p. The latter can be assigned to the loss of the accurate 
PLL synchronization and vector control orientation, VCO, 
caused by the severe symmetrical fault with 95% dip besides the 
voltage fluctuation led by the grid lower SCR. Fig.13.a,b show 
the synchronization signal  detected by the DSOGI-FLL and 
SRF-PLL respectively. Compared with the SRF-PLL detected 
signal, the DSOGI-FLL extracts unaffected equidistant 
synchronization signal which correspondingly improves the 
overall system performance and satisfies the grid code 
obligations.  
 
 
B. Asymmetrical Faults Response 
Being accompanied with negative sequence currents, 
asymmetrical faults lead to dc voltage and electromagnetic 
torque ripples which influence the system converters and the 
coupling shaft of the WT and might eventually trip the DFIG WT 
[13]. Under the same pre-fault conditions assumed in the 
preceding test, the system response to asymmetrical faults is also 
examined.  Figs. 14,15 show the system response to 150 ms,  
90% voltage dip ߶ െ ݃ fault and 50% voltage dip 2߶ fault 
respectively. Thanks to the control of the sequence currents via 
the GSC DDSRF current controller, the dc voltage ripples is well 
mitigated (Figs.14,15.k) compared with that of the conventional 
method (Figs.14,15.l) which exceeded the pre-defined limit with 
1.32 p.u., voltage overshoot. Also, the transient stator and rotor 
currents are efficiently regulated below 2 p.u. Moreover, the 
DFIG delivered active power and injected reactive current 
(Figs.14,15.n,p) during both faults significantly fluctuate due to 
the limited RSC control capability [13]. On the other hand, lower 
oscillations are depicted in Figs.14,15.m,o by means of the 
proposed control strategy with better response. The superior 
performance of the proposed controller (Fig.14,15-A) over the 
conventional one, (Fig.14,15-B) is due to the comparative GSC 
DDSRF control effort exerted to regulate the sequence currents 
[13] and concurrently the excellent performance of the DSOGI-
FLL of  rendering a robust and clean synchronization signal 
compared with that of the conventional SRF-PLL regardless of  
the unbalanced mains as seen in Fig.13.c-f.   
 
 
Figure 12. Simulated transient response of the studied system to a symmetrical 3߶ 
fault ( ௙ܺ ௙ܴ⁄ ൌ 5ሻ (A) proposed control scheme (B) Conventional control scheme. 
3φ
gφ−
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Figure 13. Tracking response of the PLL for 3߶, ߶ െ ݃ ܽ݊݀ 2߶ faults 
respectively.  (A) DSOGI-FLL. (B) SRF-PLL 
 
Figure 14. Simulated transient response of the studied system to single ߶ െ ݃ fault 
( ௙ܺ ௙ܴ⁄ ൌ 5ሻ (A) proposed control scheme (B) Conventional control scheme. 
Figure 15. Simulated transient response of the studied system to 2߶ fault 
( ௙ܺ ௙ܴ⁄ ൌ 5ሻ   (A) proposed control scheme (B) Conventional control scheme. 
VI. CONCLUSIONS 
A proposed coordinated control strategy has been presented to 
enable a DFIG WT to operate in a weak grid under different 
contingencies. A DDSRF dq current controller is devoted to 
control the GSC to mitigate the dc link voltage fluctuations and 
tackle current ripples.  
A DSOGI-FLL is dedicated not only to render robust and 
clean synchronization signal detection irrespective of the utility 
condition, but also improve the overall system performance 
under severe disturbances.  
A reactive power control scheme is used to manage reactive 
power injection during faults to satisfy the grid code obligation. 
Besides, extra terms are employed with RSC and GSC 
controllers to suppress the transient stator and rotor currents and 
regulate the rotor speed. The obtained results revealed the 
superiority of the proposed strategy that effectively enabled the 
DFIG WT to satisfy the grid code commitments in a weak grid. 
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Abstract—This article thoroughly investigates the challenges and 
constraints raised by the integration of a Doubly-fed Induction 
generator wind turbine, DFIG WT, into an ac network of 
extensively varying parameters and very weak conditions. The 
objective is to mitigate the voltage variations at the point of common 
coupling, PCC, and maximize the wind power penetration into weak 
networks. As a basis of investigation, a simplified system model is 
utilized and the respective PCC voltage, active and reactive power 
stability issues are identified. Besides, a steady-state study for DFIG 
WT connected to a weak grid is presented and qualitative 
conclusions about the system inherent interactions and typical 
restraints are presented and discussed. The impact of the wind 
power feed-in and the reactive power flow on the PCC voltage is 
assessed under widely varying system parameters. Results 
verification is performed via MATLAB/SIMULINK platform to 
assure the obtained steady-state study conclusions. 
 
Index Terms— DFIG WT, PCC voltage, weak networks, wind power 
penetration. 
I. INTRODUCTION 
 
Owing to the energy deficiency and environmental concerns 
arising from fossil fuels, fostering the renewable energy 
resources became imperative. The adopted pro-active policies 
posed by several countries led to large-scale exploitation and 
evolution of the wind energy to be the fastest mounting 
renewable energy technology around the world [1]. Wind farms, 
WFs, are geographically suited in areas with rich wind resources 
which is typically distant from the main grid [2]. The 
infrastructure of such remote areas is rather weak which poses 
serious constraints on the effective utilization of the available 
wind energy [3]. The short circuit ratio, SCR, as well as the 
feeder X/R exemplify a main index for the grid characterization 
[2]. With weak grid (higher impedance of the network feeders), 
wind energy conversion systems, WECS, at the point of common 
coupling, PCC, cause significant voltage fluctuations as well as 
power stability issues. Virtually, a weak grid is susceptible to 
considerable voltage deviation as a consequence to a change in 
either active and/or reactive power within the grid thus 
worsening the voltage quality and entailing reactive power 
compensation   [3-5]. Hence, the wind power integration can be 
dramatically limited according to the network structure. Despite 
the rapid growth of the wind energy market in China in the recent 
years, almost 10 % of the generated wind power is curtailed due 
to the finite network capacity to accommodate the captured wind 
power [4]. The latter can be attributed to the weak network 
structure which is located at a distance from the load centers. 
Furthermore, the efficient integration of wind power was 
impaired due to further impacts on voltage, frequency and system 
stability [1,4]. 
With the steady increase of the wind power penetration into 
the distribution networks, the fault ride-through, FRT, of the 
wind turbines, WTs, will be more challenging particularly in 
weak networks due to the reactive power regulation and voltage 
control issues. Moreover, the grid codes, GCs, regulations 
stipulated by the transmission system operators, TSOs, in 
different countries will demand more precise control systems 
and/or network reinforcement to overcome the voltage 
fluctuations and maximize the wind power generation [6]. As the 
doubly-fed induction generator wind turbine, DFIG WT, is the 
prominent topology among the different WECS, the 
aforementioned concerns can be even more exacerbating. This is 
because of the limited capacity of the partial scale converters of 
this topology.  
This paper is dedicated to investigate the diverse technical 
challenges experienced by integrating a DFIG WT into a weak 
grid of widely changing parameters. First of all, a simplified 
model is utilized to develop the assessment criterion to evaluate 
the impact of the active and reactive power feed-in on the PCC 
voltage under different conditions. The active and reactive power 
limitations according to the capability limits of the DFIG WT is 
also considered. Moreover, the impact of the PCC voltage 
deviation on the in-feed active and reactive power and also on the 
power factor of the system is presented. Finally, simulations 
investigations to verify the obtained results at different network 
strength are carried out. 
 
II. SYSTEM DESCRIPTION AND MODELING 
Fig.1 illustrates the structure of the grid-connected DFIG WT 
system. This simplified system is devoted to provide an insight 
978-1-4799-6415-4/14/$31.00 ©2014 IEEE
into the different impacts posed by integrating a DFIG WT to a 
weak network, i.e., voltage-quality and active and reactive power 
constraints. The system comprises a 2 MW DFIG WT connected 
at the PCC to the host “stiff” power system with constant 
voltage, ௚ܸ via a long feeder with high impedance, ZT.L. The PCC 
bus voltage, ௣ܸ௖௖ can vary depending on the SCR and X/R seen at 
this bus. The SCR is defined as the ratio between the short circuit 
power seen at the PCC bus to the maximum apparent power of 
the wind generator. In the literature, inconsistency about a 
conclusive definition for a weak grid exists. However, a grid with 
SCR below 10 is considered as a weak grid [6]. In addition, 
another key indicator that denotes the grid impedance angle or 
the ratio between the grid reactance to its resistance is the X/R. 
For a certain SCR, the PCC voltage can encounter increment or 
decrement based on the X/R value [2]. To develop the analytical 
model that represents the system dynamics, the DFIG active and 
reactive power capability limits are first identified. 
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Fig. 1 Grid-connected DFIG WT system  
 
A. DFIG WT Capability Limit 
 
The capability limits of a 2 MW DFIG considering stator and 
rotor currents heating constraints due to Joule’s losses, maximum 
and minimum active and reactive power is shown in Fig. 2 [3]. 
The total active power limit is given by: 
( )max 1t sP s P- = -  
 The DFIG maximum and minimum reactive power limits can 
be given as: 
( )( )2 2 2maxt m s s r t s sQ X X V I P V X- = - -  
2
mint s sQ V X- = -  
Where, symbols, V,P,Q,I, signify voltage, active power, reactive 
power and current respectively. Subscripts, t,s,r,w,m refer to 
total, stator, rotor, wind and magnetizing respectively. R,X,s refer 
to resistance, reactance and slip respectively. 
mintQ 
maxtQ 
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Fig. 2 DFIG WT Capability limit 
B. Analytical Model 
Considering the system shown in Fig.1, an analytical 
expression for the voltage, ௣ܸ௖௖ can be obtained. The PCC 
voltage, ௣ܸ௖௖ can be expressed as:  
( ).pcc g w T L g wV V I Z V I R jX= + ⋅ = + ⋅ +  
The WT total apparent power, St, can be defined as: 
t pcc wS V I
*=  
Where, jpcc pccV V e
j=  
 
Where, ߮ is the PCC voltage phase angle. 
Combining (4)-(6), yields: 
( )( ) ( )( )4 2 2 2 2 2 22 0pcc pcc t t g t tV V RP XQ V R X P Q- + + + + + =  
 
Equation (7), describes the PCC voltage in terms of of the WT 
delivered active and reactive power and the feeder resistance and 
reactance which is dictated by the SCR and X/R ratios [2]. 
 
III. VOLTAGE/POWER CONSTRAINTS 
In the following section, the conceivable impacts of the DFIG 
generated power on the PCC voltage profile under a wide range 
of SCR and X/R and also at different power factor scenarios are 
discussed. 
 
A. Impact of System Parameters  
 
Fig. 3 demonstrates the PCC steady-state voltage profile in 
response to the SCR and X/R variations carried out at the rated 
DFIG generated power. The results are performed at different 
power factor scenarios to assess the influence of the reactive 
power flow on the PCC voltage. Clearly, it can be seen that the 
PCC voltage varies dramatically with the system strength. Based 
on the SCR and X/R, the voltage can encounter higher or lower 
voltage deviations. At very lower SCRs “very weak grid”, i.e., 
below 3, the PCC voltage can readily cause higher deviations. In 
addition, according to the X/R value, the deviations can 
decline/exceed the nominal voltage.  
The grid emulates an ohmic behavior at lower X/R ratio, 
particularly below 1, as larger voltage drop is caused by higher 
resistance and thereby the PCC voltage rises. While in case of 
higher X/R ratios, the inductive nature is the dominant and the 
voltage decreases. Also, it can be noticed that for leading power 
factor operating scenario, the PCC voltage causes higher 
increment at lower system strength as the wind generator injects 
reactive power rather than consuming to regulate the PCC 
voltage [2].  
 
B. Impact of In-Feed Wind Power 
 
 
Owing to the intermittent nature of wind speed, the WT 
produces unsteady active power which affects the PCC bus 
voltage connected to a weak network. Figs .4,5 depict the PCC 
voltage response versus active power variation under different 
SCR and X/R operating points.  
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Fig. 3 PCC voltage response (a) 0.95 lagging PF (b) Unity PF (c) 0.95 leading PF 
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Fig. 4 PCC voltage behavior against in-feed wind power (a) X/R= 0.5 (b) X/R=10
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Fig. 5 PCC voltage behavior against in-feed wind power (a) SCR= 10 (b) SCR=2
As seen in Figs. 4.a,b, the PCC voltage rises with                  
the active power growth at lower X/R, while the                    
scenario is reversed at higher one. Such results can be explained 
with the help of Fig. 2 besides the following expressions. 
The DFIG stator active and reactive powers can be given by: 
                                         1.5t d dwP V I                               (8) 
1.5t d qwQ V I                              (9) 
Where, Vd, Idw, Iqw are the d-component stator voltage, d and 
q-axes WT current components respectively. 
The feeder voltage deviation magnitude formula:  
( ) ( ) ( )pcc w wd wq wd wqV I R jX RI XI j XI RID = + = - + +  (10) 
As shown in Fig. 4.a, at minimum real power delivery, the 
voltage deviation is minimal due to the low reactance while 
increases with the increase of the real power supply. On contrary, 
the PCC voltage decreases with the growth of the wind power 
due to the high reactance (Fig. 4.b). On the other hand, the PCC 
voltage is slightly influenced by the wind power injection even 
with reduced X/R values in case of a strong network with higher 
SCR as illustrated in Fig. 5.a. Furthermore, the PCC voltage can 
readily overtakes the safe margins for a weak grid “low SCR” as 
described by Fig. 5.b especially at high wind speed conditions. 
 
C. Active and Reactive Power Constrains 
 
To evaluate the active and reactive power constraints imposed 
on the wind generator as a consequence to the weak grid SCR 
and X/R variations, (7) is solved for the reactive power and the 
result is shown in Fig. 6. The condition is to maintain a constant 
PCC voltage. 
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Fig. 6 DFIG PQ limitation due to SCR and X/R variation (a) SCR=10 (b) X/R=10 
 
In Fig. 6.a, with a resistive grid (low X/R), ௣ܸ௖௖ rises and 
thereby higher reactive power consumption is vital to maintain 
the voltage [5]. Nevertheless, due to stability consideration, the 
DFIG has reactive power consumption limitation. Consequently, 
operation beyond this boundary is unfeasible. Otherwise, for 
inductive grid (high X/R), Fig. 6.b, at higher SCR values, the 
DFIG can attain any active power to the grid with little reactive 
power consumption. Nonetheless, the lower the SCR, the reactive 
power support is larger due to the higher inductive part which 
tends to lower the PCC voltage. Hence, without exogenous   
reactive power compensation, the curtailment of the harvested 
wind power is imperative - due to the total capability limit of the 
DFIG WT - to allow for safe operation.  The latter will 
significantly increase the wind energy loss [1,4] and adversely 
affect the grid codes commitments as discussed later.  
(a) (b) 
(c) 
(a) (b) 
(a) (b) 
D. Grid Codes Compliance 
 
In addition to complying with the general GC requirements, 
wind power plants, WPPs, must be controlled in such a way that 
the operating point lies somewhere in the hatched area of Fig. 7 
to retain a specific range of power factor operation [7]. Assuming 
that the DFIG WT in Fig. 1 is attached to the host grid via a pure 
inductive feeder with lower SCR=2, hence, the delivered active 
and reactive power at the PCC bus can be written as: 
 
( ) ( )2 22 2t t g pcc gP Q V X V V X+ + =                  (11) 
 
The PQ capability of the DFIG WT can be calculated in this 
case from (11). Fig. 7 shows the PQ capability regions for 
different PCC voltage example values which correspond to the 
allowable voltage margin along with the respective Energinet and 
E.ON grid codes requirements [7]. 
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Fig.7 Grid codes compliance under PCC voltage deviation 
 
 
Obviously, from Fig. 7 it can be seen that subsequent to the 
PCC voltage deviation, the DFIG WT is no longer capable of 
fulfilling the grid code requirements - set by either Energinet or 
E.ON - regarding reactive power/power factor regulation 
particularly when delivering the rated real power.  
 
E. Reactive Power/Power factor Regulation 
 
To counteract the PCC voltage significant perturbations and 
allow for higher wind power integration into weak networks and 
concurrently fulfill the grid code requirements regarding power 
factor operation, the reactive power regulation is inevitable [2,5]. 
The amount of reactive power consumption/generation to tackle 
the voltage swell/dip which depends upon the network strength 
can be calculated from (7) as: 
 
( )( ) ( )22 2 2 2 2 2 2 2 4 22 21 2t pcc pcc g t t pccQ V X V V RP R X P R X V RR X
æ öæ ö ÷ç÷ç ÷ç÷ ÷ç= - + + - + -ç÷ ÷ç ç÷ ÷ç ÷ç ÷è øç+ è ø
 
(12) 
 
Using (12), the reactive power consumption/generation as 
well as the corresponding power factor associated with േ10% 
PCC voltage variation at different network SCR and X/R are 
demonstrated in Fig. 8. Generally speaking, the amount of 
reactive power depends on PCC voltage variation, SCR and X/R 
operating range as seen in Fig. 8. Moreover, the associated power 
factor can be significantly affected due to the higher reactive 
power supplied/consumed (Fig. 8.b2-d2).  As mentioned before, 
the PCC voltage cannot be regulated through higher consumption 
of reactive power via the DFIG WT due to the minimum reactive 
power capability limitation. Therefore, fostering the system with 
extra FACTS/Energy storage can be an effective alternative 
[6,8].  
Furthermore, the higher the SCR, the larger the demanded 
absorbed/injected reactive power to maintain constant PCC 
voltage specially at lower X/R values (see Fig. 8.c1,d1). 
However, such issue might be insignificant as a grid with high 
SCR is unlikely to cause higher PCC voltage variation [2]. Also, 
it is worth noting that the slope of the Qd surface is getting 
steeper the higher the SCR as obvious from Fig. 8.  
Fig. 9 demonstrates the behavior of the Qd slope against the 
voltage deviation for different network parameters, which clearly 
shows that the higher the SCR, the rapid the rate of change of the 
reactive power. This can also be deduced from (12) due to the 
lower impedance at high SCRs. 
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Fig.8 Reactive power/power factor regulation under PCC voltage deviation 
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Fig.9 Rate of change of Qd under different network parameters 
 
IV. SIMULATION VERIFICATION 
A set of simulation test cases is carried out to verify the 
aforementioned steady-state study. The system shown in Fig. 1 is 
used to conduct the test cases. A 2 MW DFIG WT is connected 
to a strong network with constant voltage, Vg, 690 V, via a long 
feeder which mimics a weak network. The control of the DFIG 
WT is out of the scope of this paper. However, modeling and 
control of the DFIG WT is the same as in [2]. The investigations 
will be performed at different network strength, i.e., different 
SCRs and X/Rs. Besides, a power factor control will be 
employed in the DFIG control system during the simulation to 
assess the impact of the reactive power flow through the system 
under weak conditions. The considered power factor operating 
points are 0.975 lag, unity and 0.975 lead respectively. 
Throughout the simulations, the system is subjected to a realistic 
wind speed profile to evaluate the PCC voltage response and the 
obtained results are depicted in Fig. 10. From the results, it can 
be deduced that the PCC voltage is significantly influenced by 
the real power feed-in especially at worst weak conditions (Fig. 
10.A) where the PCC voltage exceeds the safe boundaries. Also, 
the reactive power flow (power factor) can contribute to further 
impact on the PCC voltage according to the system strength. 
Despite, the wind power curtailment can contribute to enhancing 
the PCC voltage, it represents a cost-ineffective action that 
results in huge wind power loss and misuse of the wind energy 
resources. Moreover, the results emphasize that additional 
compensation techniques are to be embedded to mitigate the PCC 
voltage fluctuations and facilitate higher wind power penetration 
into such weak networks.  
V. CONCLUSION 
 
A steady-state study for a DFIG WT attached to a weak ac 
network under different network strength has been presented. 
The various technical aspects and constraints imposed on the 
PCC voltage, real and reactive power have been assessed and 
discussed. The reactive power consumption/generation 
demanded to regulate the PCC voltage under different operating 
conditions has been investigated. A simulation study is 
conducted to verify the obtained steady-state results. 
Furthermore, the simulations results assure the analytical study 
and emphasize the requirement for extra compensation 
reinforcements to foster more wind power penetration, effective 
usage of wind energy resources and attain satisfactorily PCC 
voltage profile for different network conditions.  
Fig. 10 System response to different network strength (A) SCR=1, X/R=0.5     
(B) SCR=10, X/R=10 (C) SCR=5, X/R=1 (D) SCR=2, X/R=4 
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Abstract: Significant voltage fluctuations and power quality issues pose considerable constraints on the efficient
integration of remotely located wind turbines into weak networks. Besides, 3p oscillations arising from the wind shear
and tower shadow effects induce further voltage perturbations during continuous operation. This study investigates
and analyses the repercussions raised by integrating a doubly-fed induction generator wind turbine into an ac network
of different parameters and very weak conditions. An adaptive voltage control (AVC) strategy is proposed to retain
voltage constancy and smoothness at the point of connection (POC) in order to maximise the wind power penetration
into such networks. Intensive simulation case studies under different network topology and wind speed ranges reveal
the effectiveness of the AVC scheme to effectively suppress the POC voltage variations particularly at very weak grid
conditions during normal operation.
1 Introduction
With 282.5 GW installed capacity in 2012 compared with 94 GW in
2007, wind energy is potentially one of the fastest emerging
renewable energy technology worldwide [1]. Motivated by the
desire to reduce fossil fuel emissions, policy makers implement
incentives for increasing investment in wind energy worldwide
[2]. By the end of 2013, China possessed 91.4 GW cumulative
capacity fostering its rank in the global wind market [1]. Wind
farms (WFs) are geographically constructed in remotely located
areas with favourable wind speed conditions [3, 4]. The structure
of such locations is rather weak with lower fault level due to long
feeders’ (high impedance) connections. Moreover, signiﬁcant
voltage ﬂuctuations and power quality/stability challenges pose
substantial constraints on the efﬁcient integration of wind power
into weak networks. On the other hand, even relatively strong
networks might also encounter markedly grid impedance change
owing to load variations and/or lines tripping [5]. Typically, a
weak network is liable to remarkable voltage deviation as a result
of active and/or reactive power changes, worsening the point of
connection (POC) voltage quality. Furthermore, wind power
vagaries due to wind speed variations and 3p oscillations
resulting from tower shadow and wind shear effects exacerbate
voltage perturbations and power quality as well [6, 7].
Consequently, weak network connections impose dramatic wind
power limitations in terms of grid structure and wind turbine
(WT) output power [4–7]. In addition, voltage ﬂuctuations
provoke ﬂicker emissions which represent a serious drawback
impacting power quality and restrict the captured wind power [6–
9]. Several serious concerns regarding voltage, frequency and
system stability manifested recently due to connecting wind
power plants (WPPs) to weak networks which irritated the
proliferation of wind power. Despite the steady growth, onerous
challenges impede wind power development in China. Owing to
long distances between territories with high-density of wind
power and load centres, curtailment rate reached about 15–25% in
Northern China during 2012 [10]. The latter resulted in $1.6
billion nationwide economic loss in the same year. Additionally,
voltage violations to some of the transmission networks have
been detected in different regions due to the steady growth of
wind power penetration [4].
Denmark looks forward to ∼50% wind power penetration by 2020
which exempliﬁes additional burdens on transmission as well as
distribution networks [11]. A signiﬁcant portion of the Danish
energy consumption is speculated via offshore WFs in the long
term. Thereby, operation of wind power into weak networks is
seen as an expected operating scenario in the near future in Denmark.
Traditionally, variable-speed WTs (VSWTs) are operated under
ﬁxed power factor control mode as stipulated by enforced grid
codes. However, such operational mode shows pronounced
limitation in case of weak grid scenario [8]. Fixed reactive power
and voltage control (VC) are the two favourable operational modes
in the literature for the control of VSWTs [3, 5–8]. Apart from
entailing active/reactive power dispatch [8], reactive power control
mode becomes insigniﬁcant when adopted for very weak
networks. Virtually, VC is the increasingly desirable weaker grid
to alleviate the POC voltage/power quality issues [5]. Besides,
with the prominent wind power penetration development, ancillary
services such as VC provided by VSWTs become exigent [12].
Furthermore, VC allows for maximum reactive power
compensation (RPC) during utility contingencies.
This paper is ﬁrst dedicated to provide an insight into the diverse
technical issues raised by integration of megawatt-level variable
speed doubly-fed induction generator (DFIG) into a weak network
in light of network characteristics, operational limits and wind
speed variations. Other authors have investigated weak networks
in terms of short-circuit capacity ratio (SCR, the ratio between the
POC short circuit power to the maximum apparent power of the
wind generator) but with ﬁxed feeder X/R ratio (the ratio between
the grid reactance to its resistance, viz., stands for the grid
impedance angle) [5]. Besides, the design of the relevant VC relies
on ﬁxed adaptive gains to improve the POC voltage performance.
The novelty of this paper lies in a proposed adaptive VC (AVC)
scheme reliant on network parameters to continually mitigate POC
voltage variations for very weak networks with widely varying
SCR as well as X/R ratios under different operating conditions. A
reactive power dispatch strategy to manage the reactive power ﬂow
from/to the wind generator (WG) is proposed. Additionally, the
paper not only quantiﬁes the system reactive power associated
with the network parameters change but also the reactive power
sharing inside the WG and identiﬁes the proper grid side converter
(GSC) rating to tackle the voltage perturbations at the conceivable
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system strengths and operating point. Furthermore, the overall
system stability is investigated using AVC via identifying the safe
operating regions for a wide range of system parameters. In a
broader context, the proposed AVC aims at facilitating wind power
penetration into weak power systems. The RPC is realised
primarily via the DFIG inherent stator reactive power as well as an
over-sized GSC which manipulates the reactive power deﬁcit to
address voltage disturbances. Moreover, a reactive power dispatch
strategy to manage the reactive power coordination between the
DFIG and the GSC is also presented.
2 System description and modelling
Fig. 1a illustrates a schematic representation of the DFIG WT test
system model. The model comprises a VSWT, drive train, gear
box, DFIG and two back-to-back AC–DC–AC partial converters,
namely, GSC and generator-side (rotor side) converter (RSC). The
WT is connected at the POC to the host network by means of an
interface transformer and transmission line. A typical two-level
control scheme is devoted to control the DFIG WT system. A WT
control is utilised to regulate WT mechanical output power
through appropriately adjusting both the pitch angle and the rotor
speed according to the maximum power point tracking (MPPT)
tracking. The blade pitch angle BPA controller model used in this
paper is the same as that in [13].
2.1 DFIG wind generator
The voltage equations of the DFIG generator stator and rotor circuits
can be expressed using a rotating dq reference frame at synchronous
speed as [13]
uds = Rsids − vscqs +
1
vb
dcds
dt
(1)
uqs = Rsiqs + vscds +
1
vb
dcqs
dt
(2)
udr = Rridr − (vs − vr)cqr +
1
vb
dcdr
dt
(3)
uqr = Rriqr + (vs − vr)cdr +
1
vb
dcqr
dt
(4)
where uds, uqs, udr, uqr, ids, iqs, idr, iqr and cds, cqs, cdr, cqr are the dq
stator and rotor voltages, currents and ﬂux linkages. Rs, Rr are stator
and rotor winding resistances, Ls, Lr, Lm are stator, rotor and mutual
inductances, respectively. ωs, ωr, ωb are stator, rotor and base angular
frequencies, respectively. The RSC is controlled in a synchronously
rotating dq reference frame with the d-axis oriented along the stator
ﬂux position. Hence, the DFIG electromagnetic torque Tem and stator
Fig. 1 Schematic representation of the DFIG WT test system model
a Block diagram of a grid-connected DFIG WT test system
b Grid-connected DFIG WT equivalent system
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active and reactive powers Ps, Qs can be given as [7]
Tem =
3
2
p
Lm
Ls
csiqr (5)
Ps = −
3
2
us
Lm
Ls
iqr (6)
Qs =
3
2
cs
Ls
us −
3
2
us
Lm
Ls
idr (7)
where cs, us are the stator ﬂux and voltage magnitudes, p is the
number of pole pairs. As implied from (6) and (7), stator active
and reactive powers can be dictated via rotor currents, iqr, idr,
respectively.
2.2 DFIG operation limits
Identiﬁcation of the WT active/reactive power operational limits is
vital for realisation of the rewarded RPC. During steady state, the
capability limits of the DFIG can be obtained considering stator
and rotor currents which respond to stator as well as rotor heating
constraints due to Joule’s losses [14]. The capacity limit
encompasses DFIG maximum active and reactive restrains. The
DFIG delivered active power capacity is given by
Pt = 1− s( )Ps (8)
The stator maximum reactive power (generation and absorption)
limits are
Qsg-max =
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
Xm
Xs
( )
Vpocir
( )2
− P2s
√
− V
2
poc
Xs
(9)
Qsa-max = −V 2poc/Xs (10)
where s is the rotor slip, ir is the rotor current and Xm, Xs are the
magnetising and stator reactance, respectively. Further details
about such operational limits can be found in [14].
2.3 WT aerodynamic model
As the aim of this paper is to investigate the interaction between the
WG and the host power system, a simpliﬁed aerodynamic model can
therefore be sufﬁcient to reﬂect the behaviour of the WT [6]. The
DFIG WT aerodynamic torque can be expressed by the following
formula
Tw =
1
2
rpR3v2ws
Cp b, l
( )
l
(11)
where Tw is the WT extracted aerodynamic torque in N m, ρ is the air
density in kg/m3, R is the WT rotor radius in m, vws is the equivalent
wind speed in m/s, β is the rotor pitch angle (deg), l = ωrR/vws is the
tip speed ratio, ωr is the WT rotor speed in rad/s and Cp is the rotor
aerodynamic efﬁciency.
The 3p torque speed oscillations developed in [6], is applied here
where the equivalent wind speed vws is expressed as
vws = vH + veq-WS + veq-TS (12)
veq-WS = vH
a( ) a− 1( )
8
R/H
( )2+ a( ) a− 1( ) a− 2( )
60
R/H
( )3
cos3b
[ ]
(13)
veq−TS =
mvH
3R2
∑3
b=1
a2
sin2bb
[
ln
R2sin2bb
x2
+ 1
( )
− 2a
2R2
R2sin2bb + x2
]
(14)
where vH, veq-WS and veq-TS are the hub-height, the wind shear and
the tower shadow wind speed components (m/s), respectively. α is
the empirical component of wind shear, H is the rotor hub
elevation (m), β is the blade azimuthal angle (deg), βb is the
azimuthal angle of each blade (deg), α is the tower radius (m), x is
the distance from the tower midline to the blade origin (m) and
m = [1 + α(α− 1)R2/(8H2), is a WT coefﬁcient.
2.4 Equivalent system model
Nowadays, WPPs are enforced to spontaneously manage reactive
power to render a stable grid voltage and maintain grid connection
in order to satisfy the onerous grid code commitments [12, 15].
Nevertheless, connecting an intermittent and stochastic WG to a
weak power system with widely varying parameters aggravates the
RPC. Voltage perturbations at the POC are directly related to
different aspects, among which is the typology of the WT with the
respective generator and embedded supervisory system [16]. Wind
speed turbulences and proﬁle also represents an important factor.
Moreover, network characteristics, that is, SCR and feeders X/R
ratio is a major aspect.
In this regard, an analytical study is conducted to assess the
impacts of connecting a WT to a weak network under a range of
different parameters and evaluate the associated voltage/power
quality issues. Fig. 1b demonstrates an equivalent model of a
grid-connected DFIG WT attached to a weak bus at the POC. The
host utility denotes a stiff network with constant voltage, Vn. The
equivalent impedance of the connection line and the coupling
transformer is denoted by Zeq. Large WPPs are usually connected
to highly inductive transmission networks with X/R ratios between
1.4 and 11.4, whereas it can be around 0.5 in case of small WTs
attached to distribution networks [8, 17]. Typically, SCR of 10 is
perceived as a boundary below which the attached network is
weak [5].
For the below analysis, reactive power at the POC is handled by
the DFIG stator side only. Assuming that the WT produces line
current Iwt, an expression for the POC voltage magnitude can be
described by the following equation
Vpoc = Vn + Iwt Req + jXeq
( )
(15)
Vpoc = Vn +
Pt − jQt
V ∗poc
Req + jXeq
( )
(16)
V 4poc − 2V 2poc PtReq +QtXeq + V 2n
( )
− R2eq + X 2eq
( )
P2t +Q2t
( )( ) = 0
(17)
Solving (16), yields
Vpoc =
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
0.5V 2n + A
√
(18)
where
A = PtReq +QtXeq
+
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
0.25V 4n + PtReq +QtXeq
( )
V 2n − PtXeq −QtReq
( )2√
(19)
The relation between the POC voltage, WT total delivered active and
reactive powers, Pt, Qt as well as equivalent impedance parameters,
Req, Xeq which directly inﬂuence SCR and X/R ratio is described by
(17)–(19). It is worth to mentioning that some studies suppose that
the POC voltage magnitude is mostly determined by the real term
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contribution of (16) which yields [8]
Vpoc = Vn +
PtReq +QtXeq
V ∗poc
(20)
Fig. 2 compares actual and approximate POC voltage proﬁle
obtained using (18), (20) corresponding to the rated WT output
power and 0.975 leading power factor. Clearly, it can be seen that
(20) can be fair only for stiff distribution networks characterised
by SCR > 10. Nevertheless, for weak networks of lower SCRs,
(18) is essential to accurately represent system behaviour.
Thereafter, (18) is used to characterise the POC voltage.
3 Assessment of voltage and power constraints
This section investigates the diverse impacts posed by connecting a
DFIG WT to a weak network. An emphasis is put on voltage quality,
active and reactive power constraints under a wide range of SCR and
X/R ratio variations.
3.1 Voltage constraints
The European Standard EN 50160 has been issued to limit the
voltage variations and maintain voltage quality by imposing
statistical limits in such a way that a time limited deviation
exceeding them is allowable [18].
The POC voltage behaviour in response to SCR and X/R ratio
variations is depicted in Fig. 3a. The WT is presumed to deliver
the rated output power. In addition, different power factor (PF)
scenarios are investigated to evaluate the impact of reactive power
exchange on the POC voltage. The considered PF operating
scenarios are 0.975 leading, 0.975 lagging and unity power factor
(UPF) as recommended by the Danish grid code for WPPs with
output power >1.5 MW [19]. As implied by Fig. 3a, the POC
voltage evokes dramatic perturbations as a consequence to the
system parameters change. At a certain SCR, the POC voltage
can overtake the nominal value or even decrease according to the
X/R ratio or alternatively, the network impedance angle.
Moreover, it is worth noting that for 1≤ SCR≤ 4 and X/R≤ 2,
higher voltage spikes unfolded which indicates very weak
network. In particular, weak grids suffer signiﬁcant parameters
change with the SCR and/or X/R ratio variations. The lower the
SCR, the higher the network impedance and the voltage deviation
too. Besides, the grid features a resistive characteristic in the
lower X/R ratio, specially below 2 as indicated above which
can readily induce considerable voltage ﬂuctuations as illustrated
in Fig. 3a.
Additionally, the recorded POC voltage spikes vary according to
reactive power ﬂow or the power factor operating scenario. The
leading PF scenario resulted in the maximum voltage increment as
the WT releases reactive power rather than absorbing to regulate
the voltage. Owing to the intermittence of wind speed, the
variability of WT output power provokes POC voltage deviations
[16].
Fig. 3b shows the POC voltage behaviour in response to the WT
delivered output power and SCR change at different feeder X/R
ratios calculated using (18). The WT output reactive power Qt
corresponds to 0.975 leading PF. With higher SCR and X/R ratio
‘stiff network’, the POC voltage is slightly inﬂuenced by the
active power growth. Compared with X/R of 10, the voltage rises
quickly at X/R of 0.5 particularly at very lower SCRs and thereby
exceeds the acceptable limits, which is chosen as % −5%∼ +5%
in this paper. The result emphasises on the impact of the feeder X/
R ratio and the associated effect on the voltage-quality even at
relatively higher SCRs.
3.2 Active/reactive power constrains
To quantify the reactive power required to retain rated POC voltage
for the entire range of delivered active power and network
parameters, (17) is solved for Qt which results in
Qt =
1
R2eq + X 2eq
V 2pocXeq −
NameMeNameMe
B
√( )
(21)
where
B = V 2poc V 2n + 2PtReq
( )
R2eq + X 2eq
( )
− P2t R2eq + X 2eq
( )2
− V 4pocR2eq
(22)
Fig. 3c demonstrates the desired reactive power targeted at
obtaining zero voltage deviation at the POC bus. It can be
obviously seen that due to the DFIG capacity/stability limitations
(discussed in Section 2), infeasible operation in the entire active
power range is depicted in Fig. 3c either for consumption or
injection aspects especially at very low SCR and X/R ratio.
Although wind power curtailment can sustain system normal
operation, signiﬁcant power loss is consequent. In an attempt to
address the aforementioned shortcomings and allow for higher
wind power expansion, exogenous reactive power reinforcement
is imperative.
3.3 Reactive power regulation
RPC is a key factor to maintain the voltage quality of weak
grid-connected DFIG WT systems [20]. Nonetheless, the
effectiveness of RPC varies according to the network
Fig. 2 Actual (solid) and approximate (dashed) POC voltage versus SCR
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characteristics. Equation (21) can be used to explore the in-feed
reactive power desired for maintaining POC voltage deviation
within the permissible levels ΔVpoc = ±5%, under various system
strengths. The relevant results for the demanded reactive power are
depicted in Figs. 4a–f. Generally speaking, reactive power
dramatically varies with the magnitude of voltage deviation, SCR
and X/R ranges. Moreover, the reactive power consumed/supplied
via DFIG can be a cost-effective option to handle the POC voltage
deviation at certain SCR and X/R ranges. Yet, at very low SCR
and X/R ratios, the DFIG cannot be solely utilised to regulate the
POC voltage due to the imposed reactive power operational limits.
Furthermore, higher reactive power demand is requested to attain
voltage constancy the higher the SCR. This is because Qt is more
sensitive to the voltage deviation at the higher SCR value which
can be also recognised from (21).
Fig. 4g shows the sensitivity of Qt to the voltage deviation versus
±5% POC voltage variation at different network parameters. The Qt
surface area is getting steeper, the higher the SCR with higher
demand and the lower the X/R ratio ‘resistive network’.
Therewith, it is worth to mentioning that a network with higher
SCR improbably evoke such signiﬁcant voltage deviations [21].
Therefore, minimal reactive power can readily adjust the POC
voltage at higher SCRs.
To sum up, signiﬁcant voltage ﬂuctuations are induced owing to
weak networks with lower SCR and/or X/R ratio that WTs are
connected to which impose remarkable limitation on effective
integration of WT generated output power. Besides, wind speed
variations worsen voltage ﬂuctuations which entails accurate VC
to constantly regulate voltage waveform to address the
aforementioned shortcomings which is presented in the next
section.
4 Proposed adaptive voltage control strategy
This section focuses on the basic DFIG WT control scheme and
elaborates the proposed AVC strategy for the mitigation of the
POC voltage disturbances.
4.1 DFIG vector control
Vector control techniques have been extensively studied for
grid-connected DFIG WT systems. Two respective control
schemes are employed for the control of the back-to-back
converters as shown in Fig. 5. In order to achieve independent
control of the exchanged active and reactive power between the
GSC and the grid, the converter controller (Fig. 5a) is operated in
a synchronously rotating reference frame with the d-axis aligned
with the grid voltage. The vector control of the GSC is dedicated
to ensure a constant dc-link voltage irrespective of the transmitted
power magnitude or direction and meanwhile provides sinusoidal
currents [6]. In addition, controls the reactive power exchange Qg
between the converter and the grid side through adjusting Qg-ref to
attain UPF or support the voltage during contingencies [13]. The
objective of the RSC vector control is to provide the DFIG with a
variable speed operation with decoupled control of stator side
active and reactive powers. Likewise, to attain independent control
of electromagnetic and rotor excitation current components, the
DFIG is controlled in a stator ﬂux oriented reference frame where
its d-axis is aligned with the stator ﬂux vector. The RSC control
scheme is depicted in Fig. 5b. The reference stator active power
Ps-ref is normally derived from the rotor speed controller. The
DFIG reference rotor speed ωr-ref is processed via a lookup table in
Fig. 3 POC voltage behaviour in response to SCR and X/R ratio variations
a POC voltage against grid parameters and power factor
b POC voltage response against in-feed wind power and grid parameters
c DFIG active/reactive power limitation due to SCR and X/R variation
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order to ensure the optimal tip speed ratio lopt. Normally, grid-side
and stator side reactive power set-points Qg-ref, , Qs-ref are ﬁxed to
zero to achieve UPF operation. However, in this paper these
reference values are dispatched through the proposed AVC scheme
to continually regulate the POC voltage.
4.2 Adaptive voltage control AVC
In contrast to the operating point, variation of network parameters can
adversely impact system dynamics. Few papers address VC issue of
WTs attached to weak networks with remarkably changing
parameters. More speciﬁcally, Strachan et al. in [5] conducted an
analytical eigenvalues stability study for a VSWT, with back-to-back
full power converter attached to a weak network. Additionally, VC
with modiﬁed ﬁxed open-loop gain was suggested to improve the
system stability under lower SCRs. Despite the modiﬁed control
showed enhanced voltage response for lower SCR (10–4), system
robustness to further network parameters deteriorated. Besides, the
impact of variable X/R ratio was not investigated.
As a continuation of the work of Strachan and Jovcic [5], a
proposed AVC approach reliant on operating condition and
Fig. 4 Reactive power regulation for ±5% POC voltage deviation SCR= 1
b SCR = 2
c SCR = 4
d SCR = 6
e SCR = 8
f SCR = 10
g Sensitivity of Qt for ±5% POC voltage deviation
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network parameters is implemented in this paper. Although AVC is a
pure control method which will not increase the system cost
compared with conventional control techniques, however, its
technical performance is superior. The latter can be attributed to
the fact that AVC can adjust controller performance according to
the grid strength and WT output power which assures keeping the
POC voltage within allowable limits especially during very weak
conditions. The proposed AVC scheme is demonstrated in Fig. 6a.
The reference reactive power demand Qt-ref is derived via the
deviation from a reference voltage set-point Vpoc-ref. Basically,
the priority of the RPC is devoted to the DFIG Qs followed by the
GSC contribution Qg when Qs attains the operational limit.
Furthermore, the DFIG Qs and GSC Qg are dispatched according
to Qt-ref and the DFIG capacity limit which will be discussed later.
The system parameters are assumed to be measurable. The reactive
power distribution of the whole DFIG system with the over-sized
GSC under entire range of network parameters is explored here.
Moreover, the signiﬁcance of the proposed AVC under variable
wind speed is also presented.
To increase the system stability and enhance the VC performance
especially for very weak conditions, the open-loop gain ks will be
constantly adjusted in order to optimise the VC. To ensure that the
overall system performance is compromised for the typical range
of network parameters, the rewarded AVC would mimic the latent
behaviour of the system.
The AVC open-loop gain ks would thus be scheduled according to
the formula
ks = k0
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
Pt
Xeq
Req
+ Req
Xeq
( )√√√√ pu( ) (23)
where k0 is a design factor which can be selected to optimise the
AVC. The signiﬁcance of the selected adaptive gain ks formula
can be inferred from (18), (19) where the VC can be reluctant to
the change of the system variants, that is Pt, Req, Xeq (which
signiﬁcantly affect the performance of the VC) through adjusting
the reference compensated reactive power Qt in such a way to
minimise the impacts of the terms PtReq +QtXeq, PtXeq−QtReq for
the entire range of network parameters so that the level of POC
voltage variation is minimised, viz.
A ≃ 0.5V 2n and Vpoc ≃ Vn (24)
In this sense, the reactive power set-point Qt-ref constantly responds
according to these variations to smooth the POC voltage under all
conceivable operating conditions. To further increase the system
robustness against system parameters change, a differential gain kd
is adaptively designed as
kd = k ks (25)
where k is a design factor. Additionally, the differential term includes
ﬁltering in order to suppress high-frequency noise extension [5].
4.3 Reactive power dispatch
A proposed reactive power dispatch strategy to manage reactive
power coordination between the DFIG Qs and the GSC Qg is
illustrated in the ﬂowchart shown in Fig. 6b. Have the POC voltage
deviated from the reference set-point; the VC correspondingly
adapts the reactive power Qt-ref to regulate the voltage. This reactive
power is compensated through the DFIG Qs which is processed via
the RSC Q-control as long as it lies within DFIG reactive power
capacity, that is Qsa-max≤Qt-ref≤Qsg-max. On the other hand, if the
POC voltage overtakes the allowable margins % −5%∼ +5% and
meanwhile Qt-ref exceeds the DFIG Qs limits identiﬁed in Section 2,
the excess reactive power is dictated by the GSC Qg while the
DFIG Qs is accordingly set to the maximum absorption or injection
capacity, Qsa-max, Qsg-max, respectively, to beneﬁt the DFIG reactive
power and optimise the GSC size.
To verify the effectiveness of the adaptive control terms embedded
in the AVC scheme, the system of Fig. 1a is simulated at a very weak
grid condition, that is SCR of 1 and X/R of 0.5 with sporadically wind
speed proﬁle. A 10 m/s average wind speed with 0.1 turbulence
intensity is used here which is the highest one given by WT
manufacturer International Electrotechnical Commission (IEC)
ﬂicker test [8]. The 3p oscillation model of [6] is also employed. As
the WT rotational speed varies, the 3p oscillations frequency would
correspondingly change. Fig. 7 shows the POC voltage response
under three distinct control aspects, ‘CVC’ for conventional (PI)
VC, ‘AVC-WOD’ for adaptive VC without differential (WOD)
term (ks only) while ‘AVC’ signiﬁes adaptive VC (ks, kd).
Compared with conventional voltage control (CVC), the AVC
scheme with two adaptive parts effectively alleviates the POC
voltage ﬂuctuations particularly at higher wind speed conditions
(higher WT output power). Moreover, for low to moderate wind
speeds, the AVC satisfactorily suppresses 3p voltage oscillations.
Furthermore, the adaptive differential term contributes to further
damped performance.
Fig. 5 DFIG converters controllers
a GSC controller
b RSC controller
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5 Simulation results and discussions
5.1 Effectiveness of AVC strategy
To verify the signiﬁcance and robustness of the proposed AVC, a
detailed system model in MATLAB/SIMULINK software
environment is implemented while the test system is examined at
wide range of SCR and X/R variations. The hardware
speciﬁcations of the computer used to conduct the study is Intel
(R) Xeon (R) CPU E5–2650 v2@2.6 GHz with 64 GB installed
memory. The 2 MW DFIG WT test system parameters are listed in
appendix 1. Fig. 8a illustrates a long-term system response to a
very weak grid condition which corresponds to SCR of 1 and X/R
of 0.5. As it shows, POC voltage ﬂuctuations are induced due to
higher network impedance, wind speed variations and also 3p
oscillations. Consequently, higher reactive power absorption Qt is
required in this case to compensate the voltage as seen in Fig. 8a.
Being over the DFIG Qs capacity, Qt can be fully compensated by
virtue of an over-sized GSC which can absorb a maximum Qg of
0.17 pu to regulate the voltage while the DFIG Qs is attaining the
Fig. 6 Proposed adaptive voltage control and reactive power dispatch strategy to manage reactive power coordination
a Proposed AVC control strategy
b Flowchart for reactive power dispatch
Fig. 7 POC voltage response under three distinct control aspects
a Wind speed
b POC voltage with and without AVC
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Fig. 8 Long-term view of system response
a SCR = 1, X/R = 0.5
b SCR = 2, X/R = 0.7
c SCR = 7, X/R = 5
d SCR = X/R = 10
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maximum permissible absorption capacity Qsa-max deﬁned by (10).
Normally, GSC is rated at 25% of the DFIG rated power (0.5
MVA). Yet, 6% overrated GSC (0.53 MVA rating) is adequate in
this case to drive the POC voltage within safe limits.
Being acting on minifying the impact of system variants change to
counteract voltage variations, the AVC scheme causes minimal
voltage oscillations with better damped performance compared
with CVC as depicted in Fig. 8a particularly for high-wind speed
due to high-WT output power which contributes to higher voltage
ﬂuctuations. The signiﬁcant CVC oscillations are accordingly
reﬂected on the system reactive power as depicted from Qt, Qs and
Qg waveforms. Besides, the system is examined at another weak
network condition with SCR of 2 and X/R of 0.7 and the relevant
results are demonstrated in Fig. 8b. As mentioned before in
Section 3, the demanded reactive power Qt becomes more
sensitive to the voltage deviation the higher the SCR (see Fig. 4g).
Therefore, Qt = 0.63 pu is essential to adjust the voltage which is
beyond the DFIG Qs capability. Hence, a GSC with Qg = 0.26 pu
(0.66 MVA rating) can absorb the deﬁcit reactive power, as seen
in Fig. 8b. Moreover, the AVC provides higher voltage ﬂuctuation
mitigation capability which is also reﬂected on the DFIG Qs signal
as seen in the depicted ﬁgure. Fig. 8c shows the system response
for SCR of 7 and X/R of 5. As the network features an inductive
characteristic (higher X/R), less amount of reactive power can
regulate the voltage which can be fully dictated by the DFIG Qs.
Compared with the former case, the system requires less Qt in case
of SCR and X/R of 10 (relatively strong network) as depicted in
Fig. 8d. In this manner, DFIG releases Qs = 0.022 pu to ensure
voltage constancy. Despite, the relatively strong network
conditions (Figs. 8c,d ), the AVC preserves satisfactory
performance and enhanced POC voltage proﬁle.
5.2 Safe operation zones
To further evaluate the effectiveness of the proposed AVC strategy, the
safe operation zones are investigated under various conditions, as shown
in Fig. 9a. The safe operation zones are examined under variable wind
speed proﬁle as such in Fig. 7a. Furthermore, the examination is carried
out for the entire range of SCR and X/R variations. Note that the safe
regions are shown only for X/R from 0.5 to 1.0 which denotes the
worst conditions whilst, the study has been carried out for the X/R
range from 0.5 to 10. In the shown ﬁgures, the white-coloured
regions refer to scenarios with safe operation, that is the POC voltage
is maintained within acceptable limits, ±5% while the grey-coloured
ones signify the voltage violation scenarios.
The obtained results are carried out by executing numerous
simulations to the system of Fig. 1a using the proposed AVC
strategy. Besides, for the shown ﬁgure, the adopted X/R ratio step
change is 0.1. As it shows, at a given SCR, the operation regions
Fig. 9 Safe operation zones are investigated under various conditions
a Safe operation zones for the entire range of network parameters
b POC voltage response with the eventual GSC rating for X/R of 0.5
c Reactive power contribution of the DFIG and GSC for the entire range of network parameters
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incur insecure areas particularly at very low X/R ratio and higher
output power. This is because the higher output power provoke
larger voltage deviations which makes the demanded reactive
power more vulnerable to the voltage variations especially at very
low X/R ratios. It is worth to mentioning that the GSC is
additionally overrated to Qg = 0.38 pu (0.86 MVA rating) to tackle
the voltage swell for the entire range of SCR with the lowest X/R
ratio of 0.5. Subsequently, the POC voltage proﬁle associated with
this investigation with the eventual GSC rating is demonstrated in
Fig. 9b. At SCR = 1‘high-network impedance’, a signiﬁcant
reactive power drawn by the WT ensures safe operation. However,
due to the system sensitivity to higher SCRs, the voltage exceeds
the allowable margin for 2≤ SCR≤ 4 as a result of the DFIG and
GSC reactive power limitation with maximum voltage detected of
1.066 pu at SCR of 3. Furthermore, the voltage swell decreases
again with higher SCR ‘lower impedance’ as the network with
higher SCR is unlikely cause larger voltage perturbations.
Therefore, for SCR≥ 5 even with X/R = 0.5, safe operation is
ensured. The corresponding maximum voltage values are tabulated
in Table 1.
5.3 Reactive power sharing
To demonstrate the actual reactive power demand to regulate the
voltage for the entire range of network parameters and also sharing
among the DFIG Qs and the GSC Qg with the AVC scheme,
Fig. 9c is presented. The ﬁgure depicts the maximum reactive
power dictated by Qs and/or Qg to compensate the voltage in
response to the reactive power dispatch under different network
parameters and wind speed. The results conform to that in Fig. 4 of
the analytical study, as larger reactive power is essential to
compensate the voltage at very low X/R ratios which necessitates
additional GSC Qg contribution. Except for some speciﬁc
conditions such as very low X/R ratios (0.5 to 1), the DFIG can
effectively regulate the voltage with the inherent reactive power.
Accordingly, the GSC effectively manipulates the reactive power
deﬁcit at very low X/R ratios to maintain the voltage as can be
seen from the ﬁgure.
6 Conclusions
This paper presents an AVC strategy for a DFIG VSWT connected to
widely varying weak network parameters. As a basis of
investigation, an equivalent system model is utilised to realise the
voltage and active/reactive power constraints raised by integration
of a wind generator to a weak host network. The associated
interactions between the wind generator and the host network
under different network strengths are presented. Intensive
simulation case studies have been carried out to verify the
effectiveness of the proposed AVC scheme. The AVC strategy
showed pronounced mitigation capability with better damped
performance particularly at very weak grid condition.
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8 Appendices
8.1 Appendix 1
See Table 2.
Table 1 Maximum detected POC voltage
SCR 2 3 4 5
Vmax, pu 1.054 1.066 1.057 1.048
Table 2 Parameters of the DFIG VSWT
Parameter Value
rated power 2 MW
rated voltage 0.69 kV
rated frequency 50 Hz
stator resistance 0.00488 pu
stator leakage inductance 0.1656 pu
rotor resistance 0.00549 pu
rotor leakage inductance 0.1763 pu
magnetising inductance 3.9257 pu
number of pole pairs 2
lumped inertia constant 4.5 s
gear box ratio 87
rated DC-link voltage 1200 V
DC-link capacitor 16,000 μF
rotor hub elevation 80 m
WT rotor radius 40 m
wind shear empirical component (α) 0.3
tower radius (a) 2 m
distance from the blade origin to the
tower midline (x)
5 m
turbulence intensity 10%
transformer rated power 2.5 MVA
primary winding rated voltage 11 kV
secondary winding rated voltage
short circuit impedance
0.69 kV
0.0033 + j0.039 pu
IET Renew. Power Gener., 2016, Vol. 10, Iss. 2, pp. 238–249
248 & The Institution of Engineering and Technology 2016
8.2 Appendix 2: derivation of POC voltage equation
The voltage Vpoc is deﬁned as
Vpoc = Vpoc
∣∣∣ ∣∣∣ejw (26)
Substituting (26) into (15) results in
Vpoc
∣∣∣ ∣∣∣2 = Vpoc∣∣∣ ∣∣∣Vn cosw+ PtReq + QtXeq
+ j PtXeq − QtReq − Vpoc
∣∣∣ ∣∣∣V sinw( ) (27)
As the LHS of (27) is real, it follows that the R.H.S is also real which
yields
PtXeq − QtReq − Vpoc
∣∣∣ ∣∣∣V sinw = 0 (28)
From (28), and using trigonometric identity, we obtain
Vpoc
∣∣∣ ∣∣∣Vn cosw =
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
Vpoc
∣∣∣ ∣∣∣Vn( )2 − PtXeq − QtReq( )2
√
(29)
By combining (27) and (29), (13) can be derived.
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